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Introduction

Breast cancer is the most common cancer diagnosed among women.
Breast cancer cells often require activation of the estrogen-specific steroid
hormone receptor by estrogen to proliferate, and it is well known that steroid
hormone receptor signaling plays a pivotal role in progression of breast cancer
disease. In this proposal, we hypothesized that a completely novel conceptual
approach known as Protac (Proteolysis Targeting Chimeric Molecule) will lead to
the ubiquitination and degradation of targeted proteins. At one end, Protac
contains the IkBa phosphopeptide that binds the ubiquitin ligase SCFP-TRCP: at
the other end, Protac contains the ligand for ER, estradiol. We previously
demonstrated that Protacs promote the ubiquitination and degradation of ER and
AR in vitro and in vivo, respectively.

Body

We proposed to develop a bioassay screen for novel b-TRCP ligands based
on the displacement of B-TRCP-bound diphosphorylated peptide. The readout for
the proposed screening assay will be fluorescence polarization (FP). FP is based on
the concept of molecular movement and rotation. By using a fluorescent dye to label
the diphosphorylated peptide, its binding to B-TRCP can be monitored through its
speed of rotation. If the test compound binds to the same site on 3-TRCP, as does
the fluorescently labeled peptide, then the liberated fluorescent peptide will rotate or
tumble faster, and the resulting emitted light is depolarized relative to the excitation
plane. Therefore, the degree of fluorescence polarization in the presence of test
compound indicates the level of displacement of the fluorescently labeled peptide,
and thus the relative strength of binding to -TRCP. We had two aims. For Aim 1, a
cDNA encoding B-TRCP will be subcloned into diffe rent expression vectors to
identify a suitable strategy for expression of recombinant protein. We will test
expression of B-TRCP in common expression systems including E. coli, Pichia
Pastoris, and insect Sf9 or Hi5 cells. For Aim 2, an18 amino acid diphosphorylated
peptide from IkBa will be synthesized, HPLC-purified, and coupled via its amino
terminus to the activated ester of the Molecular Probes fluorescent dye. A small
molecule library of 10,000 compounds (TimTec, Inc.) is arrayed in a 384 well format
in DMSO. Each compound (10uM final concentration) will be tested for the ability to
displace the fluorescently labeled peptide from recombinant B~-TRCP as measured
in a Wallac Victor? V fluorescence polarization plate reader. Confirmed positive ‘hits’
will be scrutinized for 1) ease of chemical synthesis, and 2) ease of derivatization to
form a Protac that contains estradiol. These new Protacs will then be tested for their
effects on ER degradation and growth of breast cancer cells.

Since the grant was funded, we have been generating the purified -

TRCP. Due to technical difficulties this took longer than expected. We have
synthesized the IkBa peptide and are awaiting the coupling to the fluorescent
dye. We will be ready to being the screening as described in Aim 2 in the near
future.
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Key Research Accomplishments
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Conclusions
Although our screening is in the preliminary stages, our results suggest
that the purification of B-TRCP is possible and provide a useful reagent to screen

chemical libraries.
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Abstract: Genetic loss of function analysis is a powerful method for the study of protein function. However,
some cell biological questions are difficult to address using traditional genetic strategies often due to the
lack of appropriate genetic model systems. Here, we present a general strategy for the design and syntheses
of molecules capable of inducing the degradation of selected proteins in vivo via the ubiquitin—proteasome
pathway. Western biot and fluorometric analyses indicated the loss of two different targets: green fluorescent
protein (GFP) fused with FK506 binding protein (FKBP12) and GFP fused with the androgen receptor
(AR), after treatment with PROteolysis TArgeting Chimeric moleculeS (PROTACS) incorporating a FKBP12
ligand and dihydrotestosterone, respectively. These are the first in vivo examples of direct small molecule-
induced recruitment of target proteins to the proteasome for degradation upon addition to cultured cells.
Moreover, PROTAC-mediated protein degradation offers a general strategy to create “chemical knockouts,”
thus opening new possibilities for the control of protein function.

Introduction

The selective loss of critical cellular proteins and subsequent
analysis of the resulting phenotypes have proven to be extremely
useful in genetic studies of in vivo protein function. In recent
years, genetically modified knockout cell lines and animals have
allowed biological research to advance with unprecedented
speed. Chemical genetic approaches, using small molecules to
induce changes in cell phenotype, are complementary to tra-
ditional genetics. Many chemical genetic strategies use knowl-
edge gained from natural product mode of action studies,!™>
while others employ chemical inducers of dimerization to ma-
nipulate intracellular processes.*~7 To date, however, there have

T Department of Chemistry, Yale University.
1 Department of Molecular, Cellular, and Developmental Biology, Yale
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§ Division of Biology, California Institute of Technology.
' Howard Hughes Medical Institute, California Institute of Technology.
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been few attempts to design small molecules which induce the
destruction (rather than inhibition) of a targeted protein in an
otherwise healthy cell. Access to such reagents would provide
a chemical genetic alternative to the traditional ways of inter-
fering with protein function, resulting in *“chemical knockouts”.
Importantly, a small molecule capable of inducing this process
could do so without any genetic manipulation of the organism,
thus allowing one to target proteins that are not readily accessible
by traditional genetic means (i.e., genes essential for proliferation
and early development).

Protein expression can be described as occurring on three
levels: DNA, RNA, and post-translation. Consequently, inter-
ference with protein function may be approached from each of
these levels. Genetic knockouts disrupt protein function at the
DNA level by directly inactivating the gene responsible for a
protein product. On the RNA level, removal of a protein of
interest may be accomplished by RNA interference (RNAI).
RNAI causes the degradation of mRNA within the cell, pre-
venting the synthesis of a protein, and often resulting in a
“knockdown” or total knockout of protein levels. Interference
with gene products at the post-translational level would involve
degradation of the protein after it has been completely expressed.
To date, interference with proteins on the post-translation level
is the least explored.

In principle, targeted proteolytic degradation could be an
effective way to accomplish the removal of a desired gene
product at the post-translational level. Given the central role of

10.1021/ja039025z CCC: $27.50 © 2004 American Chemical Soclety
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the ubiquitin—proteasome pathway in protein degradation within
the cell,® reagents capable of redirecting the substrate specificity
of this pathway would be useful as experimental tools for
modulating cellular phenotype and potentially act as drugs for
inducing the elimination of disease-promoting proteins. We
present here a general strategy for designing molecules capable
of inducing the proteolysis of a targeted protein via the ubi-
quitin—proteasome pathway, as well as the first evidence that
such molecules are effective upon addition to living cells.

Protein degradation, like protein synthesis, is an essential part
of normal cellular homeostasis. As the major protein degradation
pathway, the ATP-dependent ubiquitin—proteasome pathway
has been implicated in the regulation of cellular processes as
diverse as cell cycle progression,® antigen presentation,!” the
inflammatory response,!! transcription,'? and signa! transduc-
tion.!3 The pathway involves two discrete steps: (i) the specific
tagging of the protein to be degraded with a polyubiquitin chain
and (ii) the subsequent degradation of the tagged substrate by
the 26S proteasome, a multicatalytic protease complex. Ubi-
quitin, a highly conserved 76 amino acid protein, ' is conjugated
to the target protein by a three-part process. First, the C-terminal
carboxyl group of ubiquitin is activated by a ubiquitin-activating
enzyme (E1). The thioester formed by attachment of ubiquitin
to the E1 enzyme is then transferred via a transacylation reaction
to an ubiquitin-conjugating enzyme (E2). Finally, ubiquitin is
transferred to a lysine (or, less commonly, the amino terminus)
of the protein substrate that is specifically bound by an ubiquitin
ligase (E3).]® Successive conjugation of ubiquitin to internal
lysines of previously added ubiquitin molecules leads to the
formation of polyubiquitin chains.!¢ The resulting polyubi-
quitinated target protein is then recognized by the 26S protea-
some, whereupon ubiquitin is cleaved off and the substrate
protein threaded into the proteolytic chamber of the proteasome.
Importantly, substrate specificity of the ubiquitin—proteasome
pathway is conferred by the E3 ligases. Each E3 ligase or
recognition subunit of a multiprotein E3 ligase complex binds
specifically to a limited number of protein targets sharing a
particular destruction sequence. The destruction sequence may
require chemical or conformational modification (e.g., phos-
phorylation) for recognition by E3 enzymes.!"-!8

Recently, we demonstrated a strategy for inducing the ubi-
quitination and ensuing proteolytic degradation of a targeted
protein in vitro. This approach uses heterobifunctional mole-
cules known as PROteolysis TArgeting Chimeric moleculeS
(PROTACS), which comprise a ligand for the target protein, a
linker moiety, and a ligand for an E3 ubiquitin ligase.!? In that
proof of principle experiment the degradation of a stable protein,
methionine aminopeptidase 2 (MetAP-2), was induced in a

(8) Myung, J.; Kim, K.; Crews, C. M. Med. Res. Rev. 2001, 21, 245—273.
(9) Koepp, D. M; Harper, J. W.; Elledge, S. I. Cell 1999, 97, 431—434.

(10) Rock, K. L.; Goldberg, A. L. Annu. Rev. Immunol. 1995, 17, 739—779.

(11) Ben-Neriah, Y. Nat. Immunol. 2002, 3, 20~-26.

(12) Muratani, M.; Tansey, W. P. Nat. Rev. Mol. Cell Biol. 2003, 4, 192~201.

(13) Hershko, A.; Ciechanover, A. Annu. Rev. Biochem. 1998, 67, 425—479.

(14) Vijay-Kumar, S.; Bugg, C. E.; Wilkinson, K. D.; Vierstra, R. D.; Hatfield,

. M.; Cook, W. J. J. Biol. Chem. 1987, 262, 6396—6399.

(15) Breitschopf, K.; Bengal, E.; Ziv, T.; Admon, A.; Ciechanover, A. EMBO
J. 1998, 17, 5964—5973.

(16) Pickart, C. M. Annu. Rev. Biochem. 2001, 3, 503—533,

(17) Yaron, A.; Hatzubal, A.; Davis, M.; Lavon, 1.; Amit, S.; Manning, A. M.;
Andersen, J. S.; Mann, M.; Mercurio, F.; Ben-Neriah, Y. Nature 1998,
396, 590—594.

(18) Crews, C. M. Curr. Opin. Chem. Biol. 2003, 7, 534—539.

(19) Sakamoto, K. M.; Kim, K. B.; Kumagai, A.; Mercurio, F.; Crews, C. M,;
Deshaies, R. J. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 85548559,

Figure 1. Targeted proteolysis using a PROTAC molecule. Ub = ubiquitin,
target = target protein, E3 = E3 ubiquitin ligase complex, and E2 = E2
ubiquitin transfer enzyme.

Proteol) SN

cellular lysate upon the addition of a PROTAC (referred to as
PROTAC-1) consisting of the known MetAP-2 ligand, ovalicin,
joined to a peptide ligand for the ubiquitin ligase complex
SCFPTCP_ By bridging MetAP-2 and an E3 ligase, PROTAC-1
initiated the ubiquitination and proteasome-mediated degradation
of MetAP-2 (Figure 1). We have also recently shown that an
estradiol-based PROTAC (PROTAC-2) could promote the
ubiquitination of the human estrogen receptor (hER«) in vitro.
Furthermore, a dihydrotestosterone (DHT)-based PROTAC
(PROTAC-3), when microinjected into cells, was capable of
inducing the degradation of the androgen receptor.2’ Encouraged
by our success with PROTACS-1, -2, and —3, we next directed
our efforts toward the design of molecules capable of inducing
proteolysis simply upon addition to cells. Additionally, the
design of new PROTACS takes into account the desire to mini-
mize the amount of molecular biological manipulations neces-
sary to effect degradation to perturb the system as little as pos-
sible outside the desired degradation.

Results

Development of a Cell Permeable PROTAC: PROTAC-
4. For the design of PROTAC-4, we used a protein target/ligand
pair developed by ARIAD Pharmaceuticals. The F36V mutation
of FK506 binding protein (FKBP12) generates a “hole” into
which the artificial ligand AP21998 (1) fits via a hydrophobic
“bump,” thus conferring specificity of this particular ligand to
the mutant FKBP over the wild-type protein.?!?? Inclusion of
AP21998 as one domain of PROTAC-4 thus allows it to target
(F36V)FKBP12 proteins orthogonally, without disrupting en-
dogenous FKBP12 function. Given the lack of small-molecule
E3 ubiquitin ligase ligands, the seven amino acid sequence
ALAPYIP was chosen for the E3 recognition domain. This
sequence has been shown to be the minimum recognition
domain for the von Hippel—Lindau tumor suppressor protein
(VHL),? part of the VBC—Cul2 E3 ubiquitin ligase complex.
Under normoxic conditions, a proline hydroxylase catalyzes the
hydroxylation of hypoxia inducible factor 1o (HIF10) at P56424

(20) Sakamoto, K.; Kim, K. B.; Verma, R.; Rasnick, A.; Stein, B.; Crews, C.
M, Deshalcs R. J. Mol. Cell. Proteomics 2003, 2, 1350~ 1338,

2y Yang,W Roxamus, L. W.; Narula, S.; Rollins, C. T Yuan, R.; Andrade,
L.J; Ram M. K,; Phllhps T. B.; van Schravenduk M. R Dalg,amo D,;
Clackson, T Holt D.J. Med. Chem. 2000, 43, 1135— 1142,

(22) Rollins, C. T Rlvcra V. M.; Woolfson, D N.; Keenan, T.; Hatada, M.;
Adams, S. E.; Andradc, L. J.; Yaeger, D,; van Schravcndijk, M. R.; Holt,
17)69%.; Gi(l)man. M.,; Clackson, T. Proc. Natl. Acad. Sci. U.S.A. 2000, 97,

—7101.
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Scheme 1, Synthesis of the AP21998/HIF1 a-Based PROTAC?
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(the central proline in the ALAPYIP sequence), resulting in
recognition and polyubiquitination by VHL. HIFla is thus
constitutively ubiquitinated and degraded under normoxic con-
ditions.?>26 Finally, a poly-p-arginine tag was included on the
carboxy terminus of the peptide sequence to confer cell per-
meability and resist nonspecific proteolysis. Polyarginine se-
quences fused to proteins have been shown to facilitate trans-
location into cells?’?8 via a mechanism that mimics that of the
Antennapedia®® and HIV Tat proteins.3® Because 2 molecule

fused to the polyarginine sequence should in principle be cell’

permeable, the necessity of PROTAC microinjection is circum-
vented. This design element also allows greater flexibility in
the types of ligands that could be used in future PROTACsS,
since polarity of the compound is no longer an issue for
membrane permeability. It was hypothesized that PROTAC-4
would enter the cell, be recognized and hydroxylated by a prolyl
hydroxylase, and subsequently be bound by both the VHL E3
ligase and the mutant FKBPI12 target protein. PROTAC-
mediated recruitment of FKBP12 to the VBC—Cul2 E3 ligase
complex would be predicted to induce FKBP12 ubiquitination
and degradation as in Figure 1.

The F36V FKBP12 ligand AP21998 (1) was synthesized as
previously described,?!?? as an approximately 1:1 mixture of
diastereomers at C9. Treatment of 1 with the benzyl ester of

(23) Hon, W.; Wilson, M. 1.; Harlos, K.; Claridge, T. D. W.; Schofield, C. J.;
Pugh, C. W.; Mazwell, P. H,; Ratcliffe, P, J.; Stuart, D. L; Jones, E. Y.
Nature 2002, 417, 975—-978.

(24) Epstein, A. C.; Gleadle, J. M.; McNeill, L. A.; Heritson, K. S.; O’Rourke,
J.; Mole, D. R.;-Mukherji, M.; Metzen, E.; Wilson, M. I.; Dhanda, A.;
Tian, Y. M.; Masson, M.; Hamilton, D. L.; Jaakkola, P.; Barstead, R.;
Hodgkin, J.; Mazwell, P. H,; Pugh, C. W.; Schofield, C. J.; Ratcliffe, P. J.
Cell 2001, 107, 43—54.

(25) Ohh, M.; Park, C. W.; Ivan, M.; Hoffmann, M. A,; Kim, T. Y.; Huang, L.
E.,; Pavlc’uch N Chau v, K'lelm W. G. Nat. Cell Biol. 2000, 2,423~
437,

(26) Tanimoto, K.; Makino, Y.; Pereira, T.; Poellinger, L. EMBO J. 2000, 19,
4298—4309.

(27) Wender, P. A; Mitchell, D. J.; Pattabiraman, K.; Pelkey, E. T.; Steinman,
L.; Rothbard, J. B. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 13003—13008.

(28) erschberg T. A.; VanDeusen, C. L.; Rothbard, J. B.; Yang,M ‘Wender,
P. A. Org. Lett. 2003 5, 3459~ 3465,

(29) Derossi, D.; Joliot, Al H Chassaing, G.; Prochiants, A. J. Biol. Chem.
1994, 269, 10444-10450.

(30) Fawell, S.; Scery, J.; Daikh, Y.; Moore, C,; Chen, L. L.; Pepinsky, B.;
Barsoum, J. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 664—668.
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aminocaproic acid followed by removal of the benzyl group
afforded 2 in 85% crude yield after two steps. It is important to
note that although this material was carried through as a mixture
of two diastereomers at C9, each diastereomer has previously
been shown to bind to the target.?? Standard peptide coupling
conditions were used to label the peptide sequence. HPLC
purification yielded 3 (PROTAC-4) with 17% recovery from 1
(Scheme 1).

To monitor the abundance of the targeted protein, a vector
capable of expressing the mutant FKBP12 fused to enhanced
green fluorescent protein (EGFP) was generated. In this way,
proteolysis of FKBP12 could be monitored by loss of intrac-
ellular fluorescence. This vector was then used to generate a
HeLa cell line stably expressing the EGFP—(F36V)FKBP12.
Bright field and fluorescent photographs of the cells were taken
before and 2.5 h after treatment with PROTAC-4 (3). As shown
in Figure 2A—D, EGFP—FKBP12 was retained in those cells
treated with DMSO, but lost in cells treated with 25 uM
PROTAC-4 for 2.5 h. Western blot analysis of cells treated with
PROTAC-4 also indicated loss of EGFP—FKBPI2 relative to
an equal number of cells treated with DMSO (Figure 21). As a
control, cells were treated with uncoupled 1 and the HIF-
polyarginine peptide fragment (Figure 2E,F). These cells re-
tained fluorescence, indicating that the two domains require a
chemical bond to each other to exert a biological effect. To
investigate whether VHL was required for PROTAC-4-mediated
EGFP—FKBP12 degradation, the renal carcinoma cell line 786-
O3! was used. 786-O cells failed to produce VHL protein and
thus lack a functional VBC—Cul2 E3 ligase complex. 786-O
cells stably expressing the degradation substrate EGFP—
FKBP12 retained fluorescence despite treatment with 25 uM
PROTAC-4 for 2.5 h (Figure 2G,H), confirming that the E3
ligase is required for PROTAC-4 activity. Finally, similar cell
density and morphology in bright field images before (Figure
21) and after (Figure 2J) treatment with 25 uM PROTAC-4 for

(31) Baba, M.; Himi, S.; Yamada-Okabe, H.; Hamada, K.; Tabuchi, H
Kobayashi, K.; Kondo, K.; Yoshida, M.; Yamashita, A.; Kishada, T.
Nakaigawa, N.; Nagashima, Y.; Kubota Y Yao, M.; Ohno S. Onc%ene
2003, 22, 2728-2738.
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K DMSO PROTAC-4

. EGFP-FKBPI2
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Figure 2. PROTAC-4 (3) mediates EGFP—FKBP degradation in a VHL-
dependent manner. No change in fluorescence is observed before (A) and
2.5 h after (B) treatment in DMSO control, while a significant change is
observed between before (C) and 2.5 h after (D) treatment with 25 uM 3.
Cells treated with 25 uM 1 and 25 uM HIF-(D-Arg)s peptide show no
difference before (E) and 2.5 h after (F) treatment. 786-QFCFP~FKBP cellg
do not lose fluorescence before (G) or 2.5 h after (H) treatment with 25
uM 3. Bright field images of cells before (I) and 2.5 h after (J) treatment
with 25 M 1 affirm constant cell density and morphology. Western blot
analysis (K) with monoclonal anti-GFP antibodies confirms loss of EGFP—
FKBP in cells treated with 25 #M 3 (PROTAC-4) for 2.5 h compared to
an equal load from vehicle (DMSO) treated cells.

2.5 h confirm that cells are capable of surviving treatment with
a PROTAC molecule.

Implementation of a DHT-Based PROTAC: PROTAC-
5. To test the robustness of this approach for the induction of

Scheme 2. Synthesis of a DHT/HIF1 a-Based PROTAC
(PROTAC-3)2

HN" O
NH  ALAPYIP—(D-Arg)s
o)

@ (i) H:N(CH7)sCONH-ALAPYIP-(D-Arg)s-NH;, EDCI, DMAP, DMF.

intracellular protein degradation, we next used a well understood
protein—ligand pair which occurs in nature. The testosterone/
androgen receptor pair was particularly attractive because it has
been shown that the androgen receptor (AR) can promote the
growth of prostate tumor cells, even in some androgen-
independent cell lines.?? In those same cell lines, it has been
shown that inhibition of AR represses growth.’? We hypoth-
esized that a PROTAC could be utilized to degrade AR, poten-
tially yielding a novel strategy to repress tumor growth. With
this in mind, the design of PROTAC-5, 5, contains DHT as the
ligand for AR as well as the HIF-polyarginine peptide sequence
which was successful with PROTAC-4. Known DHT derivative
433 was successfully coupled to the HIF-polyarginine peptide
with standard peptide coupling conditions (Scheme 2). To
monitor protein degradation by fluorescence analysis, HEK293
cells stably expressing GFP-AR (293GFP~ARy were treated with
increasing concentrations of PROTAC-5. Within 1 h, a signifi-
cant decrease in GFP-AR signal was observed in cells treated
with 100, 50, and 25 uM PROTAC-3, but not in the DMSO
control (Figure 3, parts A—F, 1, L). Western blot analysis with
anti-AR antisera verified the downregulation of GFP-AR in cells
treated with 25 uM PROTAC-5 compared to DMSO control or
nontreated cells (Figure 3M). PROTAC-5 concentrations lower
than 25 #M did not result in GFP-AR degradation (data not
shown). Pretreatment of cells with epoxomicin, a specific
proteasome inhibitor,3* prevented degradation of GFP-AR (Fig-
ure 3, part H: light field, K: fluorescent), indicating that the
observed degradation was proteasome-dependent. This result .
was also verified by Western blot (Figure 3N). It should be
noted that decreased cell density in the epoxomicin experiments
are most likely due to the inherent toxicity of epoxomicin itself,
rather than from a toxic effect of the PROTAC. This is supported
by the viability of cells treated with PROTAC-5, as seen in
Figure 3B,C. ,

Competition experiments with testosterone also inhibited
PROTAC-5 from inducing GFP-AR degradation (Figure 4 A-D).
In addition, cells treated only with testosterone retained all
fluorescence, as did cells treated with the HIF-polyarginine
peptide (Figure 4G,H). Finally, cells treated with both testoster-

(32) Debes, J. D; Schmidt, L. J.; Huang, H.; Tindall, D. J. Cancer Res. 2002,
62, 5632—5636.

' (33) Stobaugh, M. E,; Blickenstaff, R. Steroids 1990, 55, 259—262,

(34) Meng, L.; Mohan, R.; Kwok, B. H. K.; Elofsson, M.; Sin, N.; Crews, C.
M. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 10403—10408.
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Figure 3. DHT-HIF PROTAC-5 (5) mediates GFP-AR degradation in a
proteasome-dependent manner. One hour after treatment, 2930FP-AR cells
treated with a 100 4M (B light field, E fluorescent) or 50 uM (C light
field, F fluorescent) concentration of 5 lose fluorescence, while the DMSO
control (A light field, D fluorescent) retains fluorescence. Cells treated with
10 M epoxomicin (G light field, J fluorescent) and pretreated with 10 M
epoxomicin for 4 h followed by treatment with 25 uM 5 for 1 h (H light
field, K fluorescent) retain fluorescence, while cells treated only with 25
uM 5 lose fluorescence after 1 h (I light field, L fluorescent). Western blot
analysis confirms loss of GFP-AR after treatment with PROTAC 5 (+PT)
relative to a loading control (M), while inhibition of the proteasome with
epoxomicin (Epox) inhibits degradation (N).

one and the HIF-polyarginine peptide together also retained
fluorescence, indicating again that both domains needed to be
chemically linked to observe degradation (Figure 4F). It is
important to note again that the cells survived treatment with
PROTAC-5, indicating that the strategy of utilizing the ubi-
quitin—proteasome pathway for targeted degradation does not
necessarily cause a toxic effect.

Discussion

These experiments highlight the general applicability of a
novel strategy to target and degrade proteins in vivo. Although
this technique has been shown to be effective previously in vitro,
this is the first example of synthesized molecules which are
capable of inducing the degradation of a targeted protein upon
addition to cells. Use of a GFP fusion protein provided a
convenient method to monitor PROTAC-induced degradation,
but is not inherently necessary to the design of the molecule.
In principle, no molecular biological manipulations are needed
to implement a PROTAC molecule. This technique therefore

3752 J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004
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B

Figure 4. A chemical bond between the HIF-(p-Arg)g peptide and DHT
is required for PROTAC-5-induced degradation of GFP-AR. Cells were
treated with (A) no treatment, (B) DMSO (equal volume), (C) 25 uM
PROTAC-3, (D) 25 uM PROTAC-5 + 10-fold molar excess testosterone,
(E) 25 uM PROTAC-5 + 10-fold molar excess (250 uM) HIF-p-Arg
peptide, (F) 25 uM HIF-p-Arg peptide + 25 uM testosterone added
separately, (G) 25 uM DHT, and (H) 25 yM HIF-p-Arg peptide.

provides a novel approach to the study of protein function
without genetically modifying the host cell. Moreover, the
modularity of the PROTAC design offers the possibility to
synthesize similar PROTAC molecules targeting a variety of
intracellular targets. These experiments have shown that the
ligand for the target protein can be varied using both natural
and synthetic ligands to degrade effectively targeted GFP fusion
proteins. Although the linker length has not been fully explored,
a spacer consisting of two aminocaproic acids (12 atoms) has
been shown to be flexible enough to accommodate some
structural variation in the target and E3 ligase proteins yet remain
functional. Since ubiquitination occurs most commonly on an
exposed lysine, different spacer lengths may be required to
accommodate the structures of different target proteins.

Small molecules have previously been implicated in inducing
ubiquitination and degradation of proteins; most notably geldan-
amycin derivatives act by controlling target interaction with
molecular chaperones.*~38 However, there are often specificity
issues with these approaches, and the exact mechanism of

(35) Kuduk, S. D.; Zheng, F. F.; Sepp-Lorenzino, L.; Rosen, N.; Danishefsky,
S. J. Bioorg. Med. Chem. Lett. 1999, 9, 12331238,

(36) Kuduk, S. D.; Harris, C. R.; Zheng, F. F.; Sepp-Lorenzino, L.; Ouerfelli,
Q,0 Iélosen, N.; Danishefsky, S. J. Bioorg. Med. Chem. Lett. 2000, 10, 1303—
1306.

(37) Zheng, F. F.; Kuduk, S. D.; Chiosis, G.; Miinstet, P. N.; Sepp-Lorenzino,
L.; Danishefsky, S. J.; Rosen, N. Cancer Res. 2000, 60, 2090—2094.

(38) Citri, A.; Alroy, 1; Lavi, S.; Rubin, C.; Xu, W.; Grammatikakis, N.;
Patterson, C.; Neckers, L.; Fry, D. W.; Yarden, Y. EMBO J. 2002, 2407—
2417,
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Figure 5. Potential use of PROTACS in a chemical genetic screen.

induced degradation is not clear. Interference with gene products
at the post-translational level has also been successfully
demonstrated by Howley and co-workers,* who used known
protein—protein interacting domains. Their approach, while
successful, required significant manipulation of the cell lines
in question to observe an effect. Both of these methods are
significantly less direct and flexible than PROTACS. In addition,
the PROTAC strategy represents the first attempt to develop a
general method for small molecule-induced targeted proteolysis
via the ubiquitin—proteasome pathway in intact cells.

PROTACS could in principle be used to target almost any
protein within a cell and selectively initiate its degradation,
resulting in a “chemical knockout” of protein function. A notable
advantage to this strategy is that proteolysis is not dependent
on the active-site inhibition of the target; any unique site of a
protein may be targeted, provided that there are exposed lysines
within proximity for the attachment of ubiquitin. Because some
E3 ligases are expressed in a tissue-specific manner, this also
raises the possibility that PROTACS could be used as tissue-
specific drugs.

Several other applications for this technology can be envi-
sioned. First, PROTACS could be used to control a desired
cellular phenotype, for example, via the induced degradation
of a crucial regulatory transcription factor which is difficult to
target pharmaceutically. “Chemical knockout” of a protein could
prove viable as an alternative for a genetic knockout, which
would be extremely valuable in the study of protein function.
This strategy could also provide significantly more temporal
or dosing control than gene inactivation at the DNA or RNA
level. Second, libraries of PROTACS could be used to screen
for phenotypic effects in a chemical genetic fashion. This
strategy could be used either to identify novel ligands for a target
or to identify new therapeutically vulnerable protein targets by
studying phenotypic change as a result of selective protein
degradation (Figure 5). This chemical genetic strategy would
employ a library of PROTAC molecules with identical E3
ubiquitin ligase domains but chemically diverse target ligands.
After PROTAC library incubation with cultured cells and

(39) Zhou, P.; Howley, P. Mol. Cell. 2000, 6, 751-756.

detection of the desired cellular phenotype (e.g., inhibition of
pro-inflammatory signaling), one could identify the protein that
was degraded by incubation with the PROTAC. A number of
approaches could be used to identify the PROTAC-targeted
protein, including affinity chromatography and differential
proteomic technologies such as ICAT.*® In a modification of
this strategy, a library of PROTACS could be screened to
identify a ligand for a particular target by monitoring degradation
of the target protein (e.g., loss of GFP fusion protein). Finally,
PROTACS could be used as drugs to remove toxic or disease-
causing proteins. This strategy is particularly appealing since
many diseascs, including several cancers, are dependent on the
presence or overexpression of a small number of proteins. The
large number of potential uses for this technology, coupled with
the success of these experiments, suggests that PROTACS could
find broad use in the fields of cell biology, biochemistry, and
potentially medicine.

Experimental Section

A. Materials. (F36V)FKBP12 expression vector was generously
provided by ARIAD Pharmaceuticals (Cambridge, MA), and GFP-AR
expression plasmid was a gift from Dr. Charles Sawyers (HHMI,
UCLA). Epoxomicin®' and AP21998%"2 were synthesized as previously
described. Dihydrotestosterone and testosterone were obtained from
Sigma-Aldrich (St. Louis, MO). Monoclonal antibody recognizing VHL
was purchased from Oncogene (San Diego, CA), antibodies recognizing
GFP and f-tubulin were obtained from Santa Cruz Biotech (Santa Cruz,
CA), and polyclonal antibody against the androgen receptor was from
United Biomedical, Inc. (Hauppauge, NY). HEK293, 786-0, and HeLa
cells were purchased from the American Type Culture Collection
(Manassas, VA). Tissue culture medium and reagents were obtained
from GIBCO-Invitrogen (Carlsbad, CA).

B. Tissue Culture, Hela cells, 786-O cells, and HEK 293 cells
were separately cultured in D-MEM supplemented with 10% fetal
bovine serum, 100 units/mL penicillin, 100 mg/mL streptomycin, and
2 mM L-glutamine. All cell lines were maintained at a temperature of
37 °C in a humidified atmosphere of 5% CO,. To generate cells stably
expressing a particular fluorescent target protein, the parent cell line
was grown to 70% confluency and transfected using calcium phosphate
precipitation of the designated cDNA. Following transfection, cells were
split 1:10 into culture medium supplemented with 600 ug/mL G418
(GIBCO-Invitrogen). Individual clones which optimally expressed
fluorescent target protein were identified and expanded under selection
for further experimentation.

C. Detection of PROTAC-Induced Degradation by Fluorescence
Microscopy. Cells stably expressing fluorescent target protein were
plated into 96 well plates (HeLa®C"P-FKBP ¢ells plated at 4000 cells/
well and HEK293GFF-AR cells plated at 60 000—100 000 cells/well).
Synthesized PROTACS were dissolved in DMSO vehicle at a final
concentration ‘of 1%. Disappearance of target protein in vivo was
monitored by fluorescence microscopy at an excitation wavelength of
488 nm.

D. Detection of PROTAC-Induced Degradation by Western Blot.
Whole cell lysates were prepared from HeLaEGFP—FKBP cells treated
with PROTAC-4 and with HEK293GFP-AR cells treated with
PRTOAC-5 by lysing the cells in hot Laemmli buffer. Lysates were
subjected to 8% polyacrylamide gel electrophoresis, and the proteins
were transferred to nitrocellulose membrane. Membranes were blocked
in 3% nonfat milk in TBS supplemented with 0.1% Triton X-100 and
0.02% sodium azide. Lysates from HeLaE0FP—FKBP cellg treated with

(40) Han D. K.; Eng J.; Zhou, H.; Aebersold, R. Nat Biotechnol. 2001, 19, 946—
1

951.
(41) Sin, N,; Kim, K. B;; Elofsson, M.; Meng, L.; Auth, H.; Kwok, B. H. B,;
Crews, C. M. Bioorg. Med. Chem. Lett. 1999, 9, 2283--2288.
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PROTAC-4 were probed with anti-GFP (1:1000) and anti-VHL (1:
1000) antibodies, and HEK293GFP-AR cells treated with PROTAC-5
were probed with anti-androgen receptor (1:1000) and anti-f3-tubulin
(1:200) antibodics. Blots were developed using chemiluminescent
detection.
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I54] Chimeric Molecules to Target Proteins for
i}bic}umnaiim and Degradation

By K xmn’rm M. SaramoTo

Abstraet

Protein (k’f*f"iﬁmmg otie of the totics used by the cell for frroversibly
innetivating pmwms I eukaryotes, ATP-dependent protein degradation
in the e},‘mpi:wm *mﬁ m;x,inn*; is carried ont by the 268 proteasome. Most
proteing are targe fed 14 the 265 profeasome by covalent sttachment of o
mué;mbn;uazm £ mzi A key component of the enzyme coseade that results
in stiachen ent %f the muitivbiquitin chain to the target or labile protein
is the u’éwpz"m Iz;;m that controls the spedificlty of the ul:;qmnmmm
renction. Ddclects in ubignitin-dependent proteclysis have been shown o
rosult in & wartety of Human diseases, including cancer, peurodegenerstive
diseases, and metabolic disorders.

The $¢ (Skpt-Collin-F-box-Hrt!} complex s u heteromeric ublguitin
figase that multiubiguitinates proteins fmportam for signal transduction
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~ of Protacs to target proteins in vitro and in cells.?
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anid coll cycle progression. A technolopy was developed known as Protas
(Proteolysis Targeting Chimeric Molecule) that acts as a bridge, b;’%ngim
tezether the SCF ubiquitin ligase with a profein target, resulting in its
ubiguitination and degrdation. The Protsc contains an SCF-binding
peptide moiety at one end that is recognized by SCF that is chcmzmi?y
linked to the binding partner or Hgand of the target protein. The first
demonstration of the efficacy of Protac technology was the specessful
recraitment, ubiquitination, and degradation of the protein methionine
aminopeptidase-2 (MetAP-2) through a covalent interaction between
MetAP-2 and Protac. Subsequently, we demonsirated that ?mm{ts comtd
effectively ubiguitinate and degrade cancer-promoting pmm;m (estrogen
and androgen receptors) through noncovalent mtemc&;oﬁf‘in vitro and in
cells. I-ma!ly cell-permesble Protacs can also pmmmz the degradation of
proteins in cells. In this ¢hapter, 1 describe expenmén&s 10 15t the ability
g

rY

‘ Introdhuction Cor

Ubiquitin-dependent proteolysis is a :imj(frr pazhway that regulates
intracellular protein lévels, Pos iimmiaiwnai modification of proteiss by
E3 ubiguitin ligases results in mﬂl{mbiquttm chain formation and

subscquent depradation by the 265 proteasome (Clechanover ¢f al., 2000,

Deshaies, 1999; Sakamoto, 3{?{}2} One potential approach to irmimg hu-

‘man disease is to recruit a diséase-related protein to an £3 higase for

ubiquitination and subsequent dégraéatzon To this end, a technology
known as Protacs (Proteolysis Targumg Chimeric Molecules) was devel-
oped. The goal of Protac t}aer*ip*i is to create a “bridging molecule™ that
could fink together a diseale-sélated protein to an E3 ligase: Protacs consist
of one moiety {e.g., a paplide), which is recognized by the B3 ligase. This
moiety or p‘éptiée is g«zﬁ""t}xcmmty linked to a binding partner of the
target. ‘The idea is thal "Protacs would bring the target to the E3 ligase in
close enouph prmg}m:t? for multiubiquitin attachment, which wonld then
be reeognized b ‘*i}l&»’i’ég proteasome (Fig. 1. The advantage of this

“approach is 1}1;3 i x% catalytic and theorgtically can be used to recriit any

protein, evem ose:Ahat exist in a miltisubunit complex.

Several a plmanons for Protc ihampy are possible. In cancer, the
preéammriuf‘appmao:h to treating paixvnm 1s chemotherapy snd radiation.
Both of fliese*forms of therapy result in complications becaise of effects
on normal gells. Therefore, zi&va}mpmﬂm of therapeutic approaches 10
sp&c;ﬁmﬁy target cancer-causing proteins without affecting normal cells
is desirable,
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To test the efficacy of Protacs fn ﬁzsm hd in vive, several compoments
are essential, First, o functional B3 ligase 35 nocessary, either in porificd
form or isolated fram cell extractst Additional components of ubiguiting-
ton reaction, including ATF, EL }t;?, and wbiguitin, are also required.
Second, a small pc;ﬂ*uif or rnr*h.m;‘!& recopnized by the B3 Hgase must be
identified, Finally, & target wﬁh a well-characterized bindd ny paringr muost
he selectod that wili be ("mm*c‘aﬁ} linked to the pepinde. %izsﬂlv suceessfil

application of Protacy u:?mﬁimw depends on the ability of the Protse {o
enter cells to tarpet thee w;;iﬁz:m for ubigquitination and degradation. Pog
chinical application, ﬂaeraz’mmg;, drug conventrations ae mm'ﬁly comsiderad
to be in the nanomolas, mnm

1 addition to the 1§w of Protacs for the treatment of homan mxz,aw
these molecules prm“xffw o chermicsl genetic approach 1o “koocking desvn
proteins fo stué‘g thiir function (Schneeklath ot al., 2004), The ;dv:&mag&*
of Protacs arg that' tkw are specific and do not require transfections or
transduction, Protacs can be directly spplied to cells or injected into ani-
mals wmfxtzi the use of veetors, Griven the increased aumbser of E3 ligases
identificd hw the Human Genome Project, the possibilities for &}f&,mm
c:mnhxmizuﬂ’s of Proacs that link specific torpets to different lpases are
unlimited. This chapter deseribes general strategics of jesting the s:fﬁ“imcv of
Protacs using o 133 Hgases a5 an example: 8C FATRCE pg Von Hippel
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e {Ivan er af, 2007; Kaolin, 20023, Three differem
ribed: pethionine aminopeplidase-2 {MetAP-2), estro.
gen receptor {ERY, and androgen receptor (AR] We will Wm-"%de an
overview of hinding assavs, ‘lrarzsff{:tif)m immunoprecipitations, amd vbi-

gmtination and degradation assays of the proteins urgoted 1o whiguitin
iig x5 by Protacs,

targets will be dese

Slrategies to Assess the Efficacy of Prolacs In Vilro

As proof of concept, we generated a Protac molecule that targels the
protein MetAP-2 for ubiquitination and degradation. MetAP-2 cleaves the
N-terminal methionine from nascent polypeptides and i pne of the targets of

anamgmms inhibitors fumpgillin ond ovalicin (G rzfﬁih et al., 1097, m i

#1998; Sin ef al., 1997). Ovalicin covalently. Hinds to MetAP-2 at the
His-231 active site. Inhibition of MetAP-2 is thought to block endothelial
celi pf(}hfx‘tﬁti(ﬁm by eausing G arrest (Yeh er o) 2000), MetAP-2 is a
stable protein that has not been demonstrated 1o be ubiguitinated or an
endogenons substrate of SCFPTREY gor the si* reasons, Met-APD wag
chosen to be the initial trget 1o st P‘mmm

The heteromeric ubiguitin Bgase, SCET TR (Skpt-Cullin-Fbox-Hril),
was selected beenuse the Fobox ;‘zmiﬁm’gé TROPIEIRS was previousty
showwn to bind to IxBa (inhibitor ©f NFxBa) through s minimal phos-
phopeptide sequence, DRADSAGLIDS*M {phmphmerme'z indticated by
asterisks) (Ben-Nerish, 2002, K'm,rs vd Bea-Neriah, 20003 This 10-amine
acid phosphopeptide was linked w ovalivin to form the Protee {Protac-1) as
previously deseribed {%?famﬁm b “al., 2001).

MertAP-2-Frotae CouplingA

MetAP-2{9 piM} x&*‘i inciitated withine cronsing concentrations of Protac
1 for 45 min at room wmﬁ?‘mtw& (Fig. 2). Reactions were supplemented with
SDS loading dye, fractionated on an SDSA0% polyacrylamide gel, frans-
ferred onto a mimﬂf;iﬁx lse membrane, and imsmmoblofted with sabbit
pah clonal ;}nii*&’futsﬂ” 2 antisers {Zymed, Inc) Detection was performed
using enhance i.}méuinmn*eﬁemcé {Amersham, Inc.).

Tisine €

293, eells were eultured in DMEM with 10% (volivol} FBS {Gibco,
Inc. ), penitillin (100 units/ml), streptomycin (100 mghol), and Leglutamine
(2 mM). Cells were split 155 before the day of transfection and transiently
transfocted with 40 pp of plasield. Cells were 0% vonfluent in 100mm

it }t%;*'




54 MOLTCIN RS TO TARCET FEOTIING FO¥ URIIRITTINATION 837
A B
irr - -t - = # % - +1 -
01”_7 A -— - - - o - e ) - e P ws £
. BistAR
e e
A2

& 10pAr 10nA m,gv 10

Protc-} Produie-

5
spendent manner. (A
wf Protee-d 81 room

Fis. 2. Me1AP-2 bisds Prowe spoelficatly and in 5 coprentratk o i
MetAP-2 {9 pAfd was incibeted with jocrensing concentrasipn

remperntere for 45 min. The last v Yenes deplet MetAP-2 EM s incubeted with cithey
free IsBo phosphopeptide (IPP; 50 pM} or frex ovalicin {(OVAS *&(3 M, as indicated. After
ineubation, samples were supplemented with SDS-PAGE Ewﬁﬁms e, fractionated by SDS-
PALGGE, and imnsneblotred with Met AP-2 antiserem, 133 ‘S;lm«t,;'&(m pxeept MetAP-2 09 w1}
plus Protssd {10 pAf) were mxpgx%f,;rmmd with et hx:' kﬂn gm b Mic% (%i:r ,Mif} oF

------ e
o M\

dizhes on the day of fransfection. I)N&XZ(] ;:g? el pFLAG-CULY afd 2 J:éi,
of pf” LAG-Z'TRCP) was added. Cells were transfected using ‘Mi yar

phasphate precipitation as previ zmxky féscribed (Lyapina ef al., 1998}, Cells
were harvested 30 b after tansfection. Five micrograms of g@f:!,’i ]
plasmid containing the csﬂt:mf:g%im’msx {CMV) promoter Hinked to the
preen fuorsscent protein (g“‘"’f”’?} cIINA, wos cotransfected into cells
to fdetermine transfection efﬁ Eney, In all experiments, greater than 80%

of the cells were GFP- ¢ at the time of harvest, indicating high
transfection efficiency.

e
Y,

Tsmunoprecy, mmm*ef and Flhiguitination Assays
2

2937 cells werd 13%%@ “with 200 1 of lysis buffer (25 mAf Tris-Cl, pH
T50150 mAf ’;"«}ks(“fftj, o Triton X- 10005 mM NaF0.05 mM EGTA/L mM
PMSRFL ?clmsﬁum l}sed by vortexing for 10 sec in a 4% cold room, then
;)%’ac:ed on fce fm\l‘”:i%mn After centrifugntion at 13000 rpro in a Microfupe
for 5 min at 4% the supernatant was added 1o 20 pl of FLAG M2 affinity
beads (Sigi‘éfﬁ"amt incubated for 2 h rotsting at 4%, Beads were spug down
al 33,000 1and washed with buffer A (25 mM Hepes balfer, pH 7.40.01%
Triton:X; 100 1150 mM NaCl) and one wash with buffer B {the same o5 buffer
A but witfout Triton X- -100). Four microliters of MetAP-2 (18 o M) stock,
4 pl of Protac-1 {100 pAM), 0.5 1 of 01 pg/ud purified mbuse Bt {iizos,mn
Biochem), 1 pl of 0.5 jpgfed human Cdedd B2 (Boston Biochem}, and 1 4 of

o,
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25 mM ATP were added 1o 20 pd {packed volume} of FLAG beads
immunoprocipitated with SCF. Reactions were incubated for 1 h at 30 in
a Thermomizer (Eppendorft with constant mixing. SDS-PAGE loading
buffer was added to tenminate reactions, which wl rio then evaluated by
Western blot analysis as previowsly deseribed (Sakamoto e ol 2001) (Fig.
3). Oy results demonstrated that MetAP-2 bound o E*mtr:f could be
ubiquitinated in vitro in the preseace of SCF. These methe Is\ can be
generalized to other ubiquitin ligeses provided that o small mmwm;, or
;mp'tzch~ figond exists to enable the synthesds of a eﬁzmhia P‘mfpff and
expression veotors that contain tagged versions of the gzrmfzm or siibunits
are available, Alternative tags {e.g., mye or HA) have b&m used, and the
resin van e cross-lnked with an antibody, Whmh cat’then be used to
immunaprecipiiate the 3 ligase from mammatian &elfS "Both the ER and
AR are mombers of the szum{i hommone receptdisuperfamily whose
interactions with ligand (estragipl and tw%mkrrﬁm fmpf:%:twéiy} hawve

been well characterized {Fig e ER has beesn implicated in the
progression of breast cancer %‘in%d 1 et af Zi}iﬂ; Qnm? arly, Bonmone
dependent prostate cancer cells prow in fesponse to androgens (Debes
ef b, 2007) Therefore, both ER fmd AR afe legical targets for can-
cer ihumm To target ER for ubiguit M?mn and degradation, a Protac

Bas P

FINAP- @?ﬁ"’w H
= WA

A atm mm Bt f“ i h: b0 %me:h wmm i rs m sarnie ﬁ!"gm" f‘;?
ubrqm:m:s’lm W preed with Ude3d (lats nor shown ). Rescligns ‘er“phmeﬁ T th ot 3P,
and were Boatubie Yy SDE-PAGE ful frwed by Western Hots ”)5‘?&1 S AP2 antierun.
(1) Utlauitgnedon of flflenpd {67 D) MetAPL Some (A}, cxcept that the 67X
greparation of Mot AR 2 was wed, and B1 B2, phos ubiyudthusens either sdded at normel (I x ) or
rwolold bigher 2} bovels, psindloated {Sakamots er of, 3001,
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N
F

Flaz Cul 1A TRCP
Protae 4+~

Extrndinl o« %

DR pheaphopeptide -+
Uhimpsitin

ER

Fis, 4. Protac? actvites obiouitinatien of ER I w;"m wrifiod FR was jpeubarnd with
recembinant £1, B2, ATP, ubiquitio. and fronebilized SCF7 T fselated from animal cells
by virtae of Flag tugs on eofransfocted Qull ;x«d STRCP. Resctions were supplemented
with the fndicated concentration of Protae?, ipcd e for 80 min st 3P, and mositored by
SDSPAGE followed by imemnabloifing xm*f;}; 31 £ aith- FR antibody {Suksmoto e ol WYL

e

AN
(Protae-2) was synthesized, cont %iniy*g the IxBe phosphopeptide linked 1o
estradiol (the Hpond for B m,{i‘lﬁum o e al., 20034

v

Dreverminarion of Prowin 7 g?;}dﬁfi%“}? af Ublquitinated Proteing In Vitro

The success of ?Ii”lt\m depends not only on efficient ﬁbiquiﬁmr%nn of

the proposed Yargel gﬁ;t Etso de pradation of that farget bn celle. Beveral
a;:sp;’eat‘%ws can be used both i vitro and in vive to demonstrate that the
target is being dm@mﬁ‘d First, demonstrotion of degradation i vitro can
be pﬁrf@rm d ng punmd 265 protessome. For these exporiments, we
gsed purified %:“art cproteasomes as previously deseribed (Verma ef of,
2000, 2002y o

I?b;q'mmdiwn assays were Frst performed with the Inmnunoprecipl-
tated B3 HgiEe, purificd warget, E1, B2, ATP, snd ubiquitin with Protac.
Purified %aa! 268 proteasomes (40 gt of 0.Smgiml) were added 1o ubiqui-
tinated: pmmm {e.z., ER) on beads, The reaction was supplemented with
& g of "M ATP, 2 gl of 02 M papnesium scetate, and ubiguitin
aldchyde {5 1A final concentration), The reaction was incubated for 10
min at 30° with the cccasionn! prixing In the Thermonixer (Eppendorf). To
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verily that degradation is dug to protessomes and not other proteases,
;;srm‘u‘ 5 pm&_xmmm were preincubated for 45 min o 30° with 1 mm
of 1, 10 pheaanthrobine (Sigma) {a meiat chelator and inhibitor of the
RP‘RII deubiguitinnting enzyme in the 265 proteasome} (Fiz. 5).

;‘sm;umm:’s % xfhm zdlw Ihe,rs: are wwzﬁ dpprm&w‘:tmwi L‘E‘m @ffn:: acy of
Protacs nsing cell extracts or application directly to cells, {kpewimgr, o the
polarity of the Protac, efficiency of internalization In Cells is variable, I
Protavs arc bydmphth&, such as the case with the; ?*mm 1 that contains
the IxBe phosphopeptide, extracts or m;am:'z]cuimx are possible ap-
proaches. For cell-permeable Protacs, it is be puaﬁm!c te: directly bath spply
Protacs to cells

Diepradurion Fxperiments with Xenopus E;ifmé!s

Extracts frem unfertifized. Wrxr{um{am 5 cpes wore prepared on the day
of the ex §}z*mmm as previously described. {Mu reay, 1991 MetAP-2 (4 gl of
% pMy was incyhated with Protas- } {’%f? #8) at room 1o mperature for 45

i

A

pEA TNt LR
&6 mis

wER wER

~BE +268

§ lx‘d ER &5 degraded by the 365 pro

ihod i the Jogend to Fig, § \ wert supphe mﬁxiﬁﬂfi wiz!« gnm 2]
Within 10 ain, complate g v ook BER was obsenved. {8
Purified ?nS pritteasomme preparations wese prermesbated in 5 %f? phemmibroline {3 mMyor 1.7
phonxmthenting (1 inM) before addition, The metad che 1,4 phenanthrofing nhitits te
Ryt Bgsenciated devbiquitioating sothity thit i mauired for substente degrodation by the
proteasome. Theprs 1 of BR was partislly inhibired by sddifion of 1,10 plananiiroling, but
wett the inachive derdvative 1.7 phenanthrotine {Rakamnto o7 ol 2003,
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{54 MO BULER TO TARGEY PROTEING FOP LREOTTTIN ST 841
i, The MetAP-2-Protae-1 mivtore was added 1o 10 g of extract in

iy
ackdition o excess ovslivin (10 pM final concentration). The ovecss of
ovalicin was added to saturate any froe MetAP-2 in the reaction. Ad i«:&imm’l
components in the renction incinded constitutively active TKK (KK-EE
0.4 ped and okadaie acid OO pM Hnsd congemtration) 1o maintain ph»m—
ghorylation of the IxkBa peptide moiety of Protac, To test for specificity
of protessomal degradation, various proteasome inhibitors were uses
inchding Noscetyblendep-novteucingl {LLnl, 50 pM final) Qz"by:ﬁxz&%&eciwa
{10 M final), Protease inhibitors chymotrypsing, pepstating and Jeupeptin
cockiail {15 pp/ml final concentration) were also added to the extracts,
Reactions were incubated for time points up to 30 min st room temperature
and terminated by adding 50 gt of SIS toading buffer, Samples were then
evalnated by Western blot analysis using MetAP-2 antiserum (Fig. 6).

Mivroinfretion as o Method to Sude Effects of B a‘fc:r%‘ on Ublgudtination

anrt Degraedtion of Target Proteing &

Protacs that contain # phosphopeptide S oot enter eetly efficlently.
Variogs g;smimtmwdntzxrm domains, Fpidsbesed transfoction reazents, and
t;Iu%rryum;é(T or { ey transiont imrzaff‘chm methods can be tested How-
, 3 "Protacs enterlge !, m'cmzrgadmm were porformed.
Foa these »:z;mummix Protac-3 {}Ai%n phosphope p,xtlwzcwme TORE Wis
gyrithesized (o target the AR Efmk’smnm et al, 20073, As & readosit of proe
tein dipgradation, 203 colls sin%&ly pres wing AR-GFY were selectod nsing
GA18 (600 pgimly. Before mieroinjections, cells were approxhunately H0%
camltuent in 6 cm dishes,

v

Tt AT &;*mizzwd + OVA
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wod
AR T Pt
2 1 18 30 30 3D 36 30
winuiey

o M AP

Fri, & M
Fhy Mo VP2
fornified with o
frlicated, 1w

;u}xu g T Mm ﬁ,}”’”? 5% HIE WHE &d»:fut oy Ammw*‘ 25 eitsed
COVA; 100 p M) IKKEE (08 ped, oo okndale acld (18 pM) Whese

{14

s ware Intubated for

dye, and o smtm‘! %sgf S}’Bf’?‘f”;&{?ﬁ f@ﬂaiwrﬁ% ‘-bj,! “Wiﬁﬁt_am b%mzﬁﬁg with anti- M AP Tantheram
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Protac-3d dilisted in & KO sodution {30 28 fnal) with rhodamine dex.
tram {molecutsr mass 10,000 Dia, 30 pefml) was infected into cells through 2
sicrocapillary needle using a pressurized injection systemn {Picospritzer 11
General Valve Corporstion). Cainjection with rhodamine dextran is ot
eal 1o ensure thal decrense in AR-GEP is niot due o leakage of protein
from cells after microinjection. The injected volume was 012 plrepresent-
ing 5-10% of the cell volume. GFP and rhodamine fluorescchee can be
visuglized with a fuorescent microscope {Zelss) and photogd *’r;“?}és; tukon
with am attached comers (Mikon). Within 1 h after microinjection, disap-
pearance of AR-GFP is visible (Fip. 7). Cells shembd }‘c‘:zrnqi'ﬁ'i' thodamine

Dregree of AR-GEP Peresat
Digappesrance {out of 2000 eelly)

1. NONE 4
Z. MINIMAL 15
1. FART’I%’&L %
4, COMPLETE 5k

¢ leads to AR-GFP degradotion in ootls, Protas3 {10 M i
the mivroinjection pee futraduend vsing o Floospritzer §F presswrired microiujector
o 2538 cetli g s ontaining KO0 5401 ond thednmine dextran (50 pgfmi)
condrately JE‘? of total eell volome was injected. {A) Protae-d Induces AR-GEP
pearsnee withia B min, The top pancl: show cell momphology ender Hahy misroseony
Wy of volls injevrsd with Profue oy indicated by rhodaming fuomscence
s of GFF fuotesceswes By 1 &, GFP signal
] #H mizrodniected o s guantify these peaules, we infected moge then
BN eelis o 1he dogree of GFP divappearanes s being sither nove (37, minfoal {23,
pardol (3], or complete (3} Exampdes fronteach cotogery sud the fahplated semlts are shnin
in (B). Theze sezuhy were reprodducible in showe ndepemdest experiments perlormed o
separate duys with 30-30 calls injected por day (Sshamoto of of, 2003} {See sotor usert.}

botom panels show §
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positive provided that iojection has not m::“:f‘ci Iysis of cells or Jeskape of
AR-GFP from cells. Greater than 200 cells per expedment (n three
separate experiments) provide data di:‘;ﬁ’}ﬂnﬂfdiéﬂ? that Protacs induces
degradation of the target. AR-GFP disappearance can then be quantitated
by cateporizing the intensity of GRVP signal as andicative of complete
disappearance, partial disappearance, minimal disappearance, of no disap-
pearance, To verify that the disappearance of AR-GFP from vells s pro-
tensome dependent, cells were protreated with proteasoié, inbibitor
gpoxomicin (30 pAf Anal} for § b before microbnjoctions or wore Q{Iln‘gsfﬁ*d
with epaxomicia (10 u M) g

Methods 1o Test a Cell- Permeable Protac 7y .

Reagents capable of m}iwaﬁng the substrate xﬁ{éif’i{*ity of the ubigui-
lir-proteaseme pathway in protein riagsm:}:mm would be useful experi-
mental tools for madulating cellular phenotype snd potentially acting as
drugs 1o ehiminate disease-promating pm{a_mk To use Protacs 1o remove o
gene product at the posttranslational level, 4 cell-permeable reapent would
be necessary. A HIFLa-DHT Protac was (Erwwtwgmd for this purpose, Given
the lack of small mofeeule B3 ligase ligands; the seven amino acid sequence
ALAPYIP from hypoxia-inducible f‘ict‘tf}ro« o (HIFle) was chosen for
the E3 recopnition domain of %’m{afﬁ»?& (Sr“him'*k}cﬁh er al., 2004, This
sequence hias been demonstrated 1o be the minimum recognition domain
for the von Hippel- Limdan mmm sngspn“mm protein {V}H 3 (Hon et al,

OF Ewﬂmfxﬁx{}"i
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Fuis, 8, Chemienl Strocturs of HIF-EATTE Protes {Schavekloth or of, 20034},
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Fio. 8 HIF LQEI‘L %‘xwwg medivies ARGEFP degradution i 2 proteasome -Bepundant
o 2{5””‘“"”& eell? 10 % x WP crllsfinl) were plated 8t 5% vonfluense i 2 volume of
200 g1 af sedia g Stded] dish. {4 and B) Profaz induces AR-GFP diappesrancn within
6 vty Pyotor i agjl ,Ji) o 2508 conicerrgtion or TIME0 eontrol in & wolmpe of 4 g
wis adidedd. Clls e visundized ooder Haht (top) o Huevescent {botiom) mien v
b ’lfie*trmtmt' L Photograph were taken with a 8C35 type 12, 35-mien eoranes sttached Yo un
Olypis fusbeseant inverted micrsser o, {8} AR-GFP protein is docrepsed in colls trented
with Priflag, Lyzites were prepared from porenial eelfs (253 par) or AR-GEY expressia
trested with Protue {475 PMEO, 6r oo treatment (Nose) for 60 min, Western Blot rmﬁy”ss
was performed with rahblt polyclons! astB-AR sntisers (RI00E VBT pr Seubalia {1200

g velly
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2007, Kaelin, 20023, VHL is part of the ‘&’E}f’ Cul2 B3 ublguitin ligase
gomplex, Under pormoxic conditions, 3 proline hydrosyiase catalyzes the
hydrozyiation of Hlfﬁ‘m at the (Epsteln et aol, 2001} conteal profine in the
ALAPYIP szuence. This modification results In recngnition and polyabi-
guitination by K}{L HIF L is constitutively ubiquitinated and degradod
under normoric conditions (Kackn, 2002}, In addition, o mﬁvm—'lrgmmﬁ
tag derived from HIV tat was added to the carboxy terminus Qf i%ﬂi} g‘apf;xte
sequence o confer celi pa*mw*;‘abmw ;md pri:&'f“si nonspecific proteolyst
{Kirschberg wr al, 2000, Wender o2 AHE fFip é"’é} Thix §mlm
shonld then enter the cell, be rw:ﬁmif oo awi hy&rm;d.amﬂ by & prolyl
hydroxylese, and sshsequently be bound by both the ’S?}IL I3 Ngase and
the targe?, AR ; v

The 793 vells stably expressing AR-GFP wers ng ¢ study the effects
of HIFle DHT Protac on AR degradation. For thes® experiments, preater
than 95% of cells expressed AR-GFP. On théy&iﬁ before mprﬂmwm\,
cells were plated in 96-well plates with 200 4 of media at 60% confluence
Protac was dissolved in DMSO and wag.added to cells ol concen-
trations yanping between 3 pM-100 gzM Tht: presence or absence of
GFP expression after Protue treatment W, determined by fluorescent
micToscopy, A fime tourse was pﬁrfm}'*wd Aut for HIFLe-DHT Protee,
the effects were observed within 2 h. Tofassess proteasome- ﬂﬁpt‘ﬁﬁﬁmi
depradation, cells were protreated f’ th_epoxemicin (10 ;gM final concen
tration) for 4 k before adding Protac. Wuﬁm Blot analysis was pizr%ﬁrmf*d
to determing levels of AR- GFP g?}é, *‘4}

To measure the protein levels6f AR-GFP after Protac reatment,
the eells were harvested, »ﬁ;m*geé with PBS once, then pelisted m
1500 rpmo. Cells were lysed smih boiling SDS lmdmg, hu‘fffzr‘ £30 g1}, then
boiled for § min. Lysates'wdré suljer ted to 8% polyacrylamide gel slee-
trophoresis, and the proteigs wers {ransferred to nitroceliulose membrane,
Westemn blot analysis vad performed with anfiandrogen receptor (110003
and anti-beta tubulip (1:200) antisera. Detection was determined using
c’%&a:.s:xﬁ]umin»:a&m:ru:gi‘f’

Sants Cruzl, (O Bovxsmivin fahibits Protas-indved degeadation of ﬁ’fi GFP. Calls wers
plated at o :3 ’g, e 03 x 3 colicid and trentad with W} pM epoxomicin (Catbinetem) o
DRISCE Tor 9B before wdding Protas (25 s} for 60 win (D) Western Blot analysi was
performed withTells in 96-well dishes treated with Frotac (25 j40, DMEO {lefh), epovomitia
{10 pA . wivhomicie (30 pB3 4 Prowe (80 o 23 M), or Trotie slose £50 or 35 p44)
{Schneekloals ot of |, 20043, {Bee eolor nnert)
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Materials and Methods

Ubistatins Inhibit Proteasome-
Dependent Degradation by
Binding the Ubiquitin Chain

Rati Verma,! Noel R. Peters,? Mariapina D’'Onofrio,>
Gregory P. Tochtrop,? Kathleen M. Sakamoto,™*
Ranjani Varadan,® Mingsheng Zhang,® Philip Coffino,’
David Fushman,® Raymond J. Deshaies," Randall W. King**

To identify previously unknown small molecules that inhibit cell cycle machin-
ery, we performed a chemical genetic screen in Xenopus extracts. One class of
inhibitors, termed ubistatins, blocked cell cycle progression by inhibiting cyclin
B proteolysis and inhibited degradation of ubiquitinated Sic1 by purified pro-
teasomes. Ubistatins blocked the binding of ubiquitinated substrates to the
proteasome by targeting the ubiquitin-ubiquitin interface of Lys*5-linked chains.
The same interface is recognized by ubiquitin-chain receptors of the pro-
teasome, indicating that ubistatins act by disrupting a critical protein-protein
interaction in the ubiquitin-proteasome system.

Unbiased chemical genetic screens can iden-
tify small molecules that target unknown pro-
teins or act through unexpected mechanisms
(). To identify previously unknown compo-
nents or potential drug targets required for
cell division, we screened for small mole-

cules that stabilize cyclin B in Xenopus cell
cycle extracts. Cyclin B degradation regu-
lates exit from mitosis and requires activa-
tion of an E3 ubiquitin ligase called the
anaphase-promoting complex/cyclosome
(APC/C) (2). Because APC/C activation re-
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quires mitotic entry, we anticipated that this
screen would identify compounds that stabi-
lized cyclin B indirectly by blocking mitotic
entry as well as compounds that directly
inhibited the cyclin proteolysis machinery.
To monitor APC/C activation, we fused the
destruction-box domain of Xenopus cyclin Bl
to luciferase (3) and found that the reporter
protein was degraded in mitotic but not inter-
phase extracts (fig. $1). Proteolysis was sen-
sitive to inhibitors of cyclin-dependent kinases
and the ubiquitin-proteasome system but not
affected by inhibitors of DNA replication or
spindle assembly, as expected in egg extracts
lacking exogenous nuclei (4, 5) (fig. S2).
We developed a miniaturized assay system
(6) and screened 109,113 compounds to
identify 22 inhibitors (Table 1). To distinguish
compounds that blocked mitotic entry from
direct inhibitors of proteolysis, we arrested
extracts in mitosis before addition of the
compound and the reporter protein. Sixteen
compounds lost inhibitory activity under these
conditions (class I, fig. S3), whereas six
compounds (class II, fig. $4) remained inhib-
itory. We next activated proteolysis directly in
interphase extracts by adding the APC/C
activator Cdhl (Cdc20 homolog 1) (7). Again
we found that only class II compounds re-

A

Compound
265 proteasome =~ -
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Time {min): 0 e §

Fig. 1. Class 1B compounds inhibit degradation and deubiquitination of
UbSic1 by purified 26S proteasomes. (A) Purified 26S proteasomes were
preincubated in the presence or absence of test compounds. UbSic1 was
then added and assayed for degradation by immunoblotting for Sic1 (3).
Py mock refers to pyridine in which C23 was dissolved. (B) Purified 26S
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proteasomes were preincubated with 100 uM epoxomicin in the pres-
ence or absence of 100 uM test compound. UbSicl was then added and
deubiquitination monitored by immunoblotting for Sict (3). (C)
Titration of C92 in deubiquitination assay. (D) Structures of C92 and
C59 (ubistatins A and B),
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tained inhibitory activity. We concluded that
class I compounds blocked entry into mitosis
ot APC/C activation, whereas class II com-
pounds directly blocked components of the
cyclin degradation machinery. We next exam-

docked to the 19S regulatory particle by a
multi-Ub chain receptor (/3). Proteolysis of
UbSicl requires removal of the multi-Ub
chain, catalyzed by the metalloisopeptidase
Rpnl1 (4, 15). The deubiquitinated substrate

is concomitantly translocated into the 203 core
particle, where it is degraded. Two class 1IB
molecules, C92 and C59 (Fig. 1D), strongly
inhibited UbSicl turnover in the reconstituted
system (Fig. 1A). To address whether these

ined whether the inhibitors could block turn-
over of a [-catenin reporter protein (8), a
substrate of the SKPl/cullin/F-box protein
(SCFP-TRCP " where B-TRCP is B-transduction
repeat—containing protein) ubiquitin ligase
(Table 1). Three class II compounds (class
IIB) were inhibitory, suggesting these com-
pounds inhibited a protein required for the
degradation of both APC/C and SCFB-TRCP
substrates. Class IIB compounds did not block

Table 1. Characterization of compounds in Xenopus extract assays. Results are reported as percent
inhibition {percent stimulation). Compounds {200 uM, except C10 and C92, tested at 100 pM) and
cyclin-luciferase {cyc-luc) were added to interphase extracts and then induced to enter mitosis by
addition of nondegradable cyclin B, or extracts were pretreated with nondegradable cyclin B to allow
entry into mitosis before addition of test compound and cyc-luc. Cdh1 was added to interphase extracts
before addition of compound and cyc-luc. Interphase extracts were treated with recombinant axin to
induce turnover of B-catenin-tuciferase. Parentheses indicate those values where stimulation, rather than
inhibition, was observed by addition of compound to the reaction.

cyclin B ubiquitination or 20S peptidase Addition before ff‘dditi‘m. Cdh1-activated -catenin
activity (9), indicating they did not inhibit E1 ~ Compound mitotic entry after mitotic interphase extract reporter
. s g entry protein
or act as conventional proteasome inhibitors.
To understand how class IIB compounds Class JA
inhibited proteolysis, we turned to a recon-  C77 100 4 (12) 0
stituted system using purified 26S proteasomes €58 100 5 8) 2
and ubiquitinated Sicl (UbSicl) (/0). Degra-  £32 bes ° (g) 0
dation of Sicl requires its ubiquitination by the a4 0 8) 0
ligase SCFCde4 (11, 12), after which UbSicl is  ¢gq 77 8 ) 2
! c13 75 0 (9) 0
c18 73 4 7 0
"Department of Biology, Howard Hughes Medical €25 66 3 (6) 0
Institute (HHMI), California Institute of Technology, €54 54 3 (6) 0
Pasadena, CA 91125, USA. 2Institute of Chemistry and ~ C67 53 3 (8) 3
Cell Biology and Department of Cell Biology, Harvard ~ C40 42 0 (6) 3
Medical School, 240 Longwood Avenue, Boston, MA Class IB
02115, USA. *Department of Chemistry and Biochem- €39 100 9 (7) 67
istry, Center for Biomolecular Structure and Orga- Cc57 100 4 0 60
nization, University of Maryland, College Park, MD (51 100 -0 0 30
20742, USA. “Division of Hematology-Oncology,  C10 33 0 4 21
Mattel Children's Hospital, Jonsson Comprehensive Class 1A
Cancer Center, David Geffen School of Medicine at (1 100 100 35 6
University of California at Los Angeles {UCLA), 10833 5 80 50 100 0
Le Conte Avenue, Los Angeles, CA 90095, USA.
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Department of Microbiology and Immunology, Uni- Class JIB
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Avenue, San Francisco, CA 94143-0414, USA. 59 97 100 100 70
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Fig. 2. C92 inhibits binding of UbSic1 to 265 proteasomes and multi-Ub-chain D

receptors by binding to K48-linked multi-Ub chains. (A} Purified 26S G N oM O o oz o )
proteasomes immobilized on anti-Flag beads were incubated with UbSic1 in | g 8 1 8 8 i 8 8 | 8 3 & | OO0

the presence or absence of C92 as described in (3). Beads were then washed
and analyzed by immunoblotting for Sic1. {B) Recombinant Gst-Rpn10 and Gst-
Rad23 were immobilized on glutathione sepharose beads and then incubated
with UbSic1 in the presence or absence of C92 and analyzed as in (A). (C)
Equivalent amounts of Gst, Gst-fusion protein, or multi-Ub chains were
incubated with €92 or C1 and analyzed by native gel electrophoresis (28).
{D) €92 and C59 interact specifically with K48-linked Ub on native gels. Ub (16
1M}, K48-linked di-Ub (8 uM), or tetra-Ub chains {8 pM) were preincubated
with a twofold molar excess (mono-Ub and di-Ub) or equivalent amounts
{tetra-Ub) of test compounds before being resolved on native gels as in {C).
Tetra K29Ub, K48Ub, and K63Ub refer to tetraubiquitin chains with ubiquitin
linked via K29, K48, or K63. MW refers to molecular weight standards.
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compounds acted upstream or downstream of
Rpnll isopeptidase, we treated proteasomes
with the 20S inhibitor epoxomicin, which
results in Rpnll-dependent substrate de-
ubiquitination (/4, /6) and accumulation of
deubiquitinated Sic1 within the 20S chamber
({3). This reaction was completely blocked
by C92 (Fig. 1B), with a median inhibitory
concentration (IC,,) of about 400 nM (Fig.
1C). C59, which is structurally related to C92.
also inhibited deubiquitination of UbSicl (IC,, =
1 uM), whereas C23 inhibited marginally
(fig. S5). Thus C92 and C59 potently
blocked proteolysis at or upstream of the
essential isopeptidase-dependent step.
Selective recognition of the multi-Ub chain
by the 26S proteasome is the first step in
UbSicl degradation (/3). C92 strongly inhi-
bited binding of UbSicl to purified 26S pro-
teasomes (Fig. 2A), suggesting that it inhibited
UbSicl tumover by blocking the first step in
the degradation process. The multi-Ub chain
receptors Rad23 and Rpnl0 serve a redundant
role in targeting UbSic! to the proteasome and

Fig. 3. Ubistatin A

sustaining its degradation (73). In the absence
of the Ub-binding activities of Rpnl0 and
Rad23, UbSicl is not recruited, deubiquiti-
nated, or degraded by purified 26S protea-
somes. We thus tested whether C92 could
interfere with binding of UbSicl to recombi-
nant Rpnl0 and Rad23. C92 abolished bind-
ing of UbSic1 to both proteins (Fig. 2B), even
though these receptors use distinct domains
[the Ub-interaction motif (UIM) and the Ub-
associated (UBA) domain, respectively] to
bind ubiquitin chains (/7). C59 also abrogated
binding of UbSicl to Rpnl0, whereas other
compounds were without effect (fig. S5).
To distinguish whether C92 inhibited pro-
teolysis by binding to proteasome receptor
proteins or to the Ub chain on Sicl, we ex-
ploited the negative charge of C92 to deter-
mine whether compound binding induced a
mobility shift of the target proteins upon
fractionation on a native polyacrylamide
gel. C92 was preincubated with recombinant
Rpnl0, Rad23, or a mixture of Ub chains
containing two to seven Ub molecules. The
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mobility of the multi-Ub chains, but not Gst-
Rpnl0 or Gst-Rad23, was altered by incuba-
tion with C92, suggesting that C92 bound Ub
chains (Fig. 2C). Ubiquitin molecules can be
linked to each other in vivo through different
internal lysines, including K29, K48, and
K63 (/8). The K48-linked chain is the
principal targeting signal in proteolysis,
whereas K63-linked chains are implicated
in enzyme regulation (/9). Whereas C92 and
C59 efficiently shifted the native gel mobil-
ity of K48-linked ubiquitin chains, they had
little or no effect on K29- or K63-linked
chains (Fig. 2D). Because C92 and C59 bind
to ubiquitin chains and block interactions
with proteasome-associated receptors with-
out affecting 26S assembly or peptidase
activity (fig. S6), we refer to these com-
pounds as ubistatin A and B, respectively.

We next tested the ability of ubistatins to
block proteolysis of ornithine decarboxylase
(ODC), whose degradation does not require
ubiquitin (20). Whereas a 30-fold molar ex-
cess of ubistatin A over the substrate strongly
inhibited UbSicl degradation by purified
yeast proteasomes (Fig. 1A), a 100-fold molar
excess of ubistatin A over the substrate had
no effect on degradation of radiolabeled
ODC by pwified rat proteasomes (fig. S7).
Ubistatin B marginally inhibited ODC turn-
over at this concentration (12%). In contrast,
a 20-fold molar excess of cold ODC inhibited
degradation of labeled ODC by 43% under
the same conditions. These data indicate that
ubistatins at low concentrations preferentially
inhibit the degradation of ubiquitin-dependent
substrates. Inhibition of ODC turnover by
high concentrations of ubistatins, especially
ubistatin B (fig. S7), may reflect either
nonspecific activity or specific inhibition of
a targeting mechanism shared by ubiquitin-
dependent and ubiquitin-independent sub-
strates of the proteasome (20).

On the basis of the selectivity of ubi-
statin A for binding K48-linked chains and
inhibiting the ubiquitin-dependent turnover
of Sicl but not the ubiquitin-independent
turnover of ODC, we tested the effect of
ubistatin A on protein degradation within
intact mammalian cells. Because the neg-
ative charge on ubistatin A precluded ef-
ficient membrane permeation, we introduced
the compound into cells by microinjection
and monitored degradation of an androgen
receptor—green fluorescent protein (AR-GFP)
fusion protein by fluorescence microscopy.
Microinjection of a synthetic compound (protac,
proteolysis-targeting chimeric molecule), which
recruits AR-GFP to SCFMTRCP induces rapid
proteasome-dependent turnover of AR-GFP
(21). Microinjection of 100 nM ubistatin A
into mammalian cells inhibited the Protac-
induced degradation of AR-GFP as effi-
ciently as 100 nM epoxomicin (fig. S8),
demonstrating that ubistatin A is an effective

www.sciencemag.org SCIENCE VOL 306 1 OCTOBER 2004
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inhibitor of ubiquitin-dependent degradation
in multiple experimental settings.

The specificity of ubistatin A for K48-
linked ubiquitin chains suggested that it might
bind at the Ub-Ub interface, which is well
defined in K48-linked chains but is not present
in K63-linked di-ubiquitin (Ub,) (22). We
performed nuclear magnetic resonance
(NMR) titration studies of K48-linked Ub,
by using a segmental labeling strategy (23).
Well-defined site-specific perturbations were
observed in the resonances of the backbone
amides of both Ub units in Ub, (Fig. 3),
indicating that the hydrophobic patch residues
L8, 144, V70 (24), and neighboring sites
(including basic residues K6, K11, R42, H68,
and R72) experienced alterations in their
molecular environment upon binding of ubis-
tatin A. The same hydrophobic patch is
involved in the formation of the interdomain
interface in Ub, (23, 25) and mediates the
binding of ubiquitin to multiple proteins
containing CUE (coupling of ubiquitin con-
jugation to ER degradation), UBA, and UIM
domains (/7). At the high concentrations of
compound used in the NMR titration experi-
ments, ubistatin A induced a similar pattern of
chemical shift perturbations in monomeric
ubiquitin, suggesting that the effect of ubi-
statin A on Ub, arises from its direct binding
to the hydrophobic patch and the basic res-
idues around it. The same sites are perturbed
when ubistatin A binds tetra-Ub chains (26).

Although there is intense interest in devel-
oping drugs for defined molecular targets, it is
often difficult to know a priori which proteins
can be most effectively targeted with small
molecules. Our study demonstrates that chem-
ical genetic screens in complex biochemical
systems such as Xenopus extracts can identify
small-molecule inhibitors that act through
unexpected mechanisms. Although target iden-
tification remains challenging, our work high-
lights the value of reconstituted biochemical
systems to illuminate the mechanisin of action
of inhibitors discovered in unbiased screens.
The recent approval of the 20S proteasome
inhibitor Velcade (Millenium Pharmaceuticals,
Cambridge, MA) for treatment of relapsed
multiple myeloma (27) has suggested that the
ubiquitin-proteasome system is an attractive
target for cancer drug development. The iden-
tification of ubistatins indicates that the ubig-
uitin chain itself provides another potential
opportunity for pharmacological intervention
in this important pathway.
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by Golgi N-Glycan Processing

and Endocytosis
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The Golgi enzyme P1,6 N-acetylglucosaminyltransferase V (Mgat5) is up-
regulated in carcinomas and promotes the substitution of N-glycan with poly
N-acetyllactosamine, the preferred ligand for galectin-3 (Gal-3). Here, we
report that expression of Mgat5 sensitized mouse cells to multiple cytokines.
Gal-3 cross-linked Mgat5-modified N-glycans on epidermal growth factor and
transforming growth factor—B receptors at the cell surface and delayed their
removal by constitutive endocytosis. Mgat5 expression in mammary
carcinoma was rate limiting for cytokine signaling and consequently for
epithelial-mesenchymal transition, cell motility, and tumor metastasis. Mgat5
also promoted cytokine-mediated leukocyte signaling, phagocytosis, and
extravasation in vivo. Thus, conditional regulation of N-glycan processing
drives synchronous modification of cytokine receptors, which balances their
surface retention against loss via endocytosis.

Co-translational modification of proteins in
the endoplasmic reticulum by N-glycosylation
facilitates their folding and is essential in
single-cell eukaryotes. Metazoans have addi-
tional Golgi enzymes that trim and remodel
the N-glycans, producing complex-type N-
glycans on glycoproteins destined for the
cell surface. Mammalian development re-
quires complex-type N-glycans containing
N-acetyllactosamine antennae, because their
complete absence in Mgatl-deficient em-

bryos is lethal (I, 2). Deficiencies in N-
acetylglucosaminyltransferase Il and V (Mgat2
and Mgat5) acting downstream of Mgatl
reduce the content of N-acetyllactosamine,
and mutations in these loci result in viable
mice with a number of tissue defects (3, 4). N-
glycan processing generates ligands for vari-
ous mammalian lectins, but the consequences
of these interactions are poorly understood.
The galectin family of N-acetyllactosamine-
binding lectins has been implicated in cell
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Protacs to Target Cancer-Promoting Proteins for Ubiquitination and Degradation. Mol Cell
Proteomics, 12:1350-1358, 2003.

36. Wang Q, Liu T, Fang Y, Xie S, Huang X, Mahmood R, Ramasywamy G, Sakamoto KM,
Darynkiewicz Z, Xu M, and W Dai. BUBRI-deficiency results in Abnormal Megakaryopoiesis.
Blood, 103: 1278-1285, 2004.

37. Schneekloth JS, Fonseco F, Koldobskiy M, Mandal A, Deshaies RJ, Sakamoto KM, CM
Crews. Chemical Genetic Control of Protein Levels: Selective in vivo Targeted Degradation. J Amer
Chem Soc, 126(12); 3748-3754, 2004.

38. Verma R, Peters NR, Tochtrop G, Sakamoto KM, D’Onoftio, Varada R, Fushman D, Deshaies

RJ, and RW King. Ubistatins, a Novel Class of Small Molecules that inhibit Ubiquitin-Dependent
Proteolysis by Binding to the Ubiquitin Chain. Science, 306:117-120, 2004.
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Onc, 26:780-782, 2004.

40. Mora-Garcia P, Wei J, and KM Sakamoto. G-CSF Induces Stabilization of Ets Protein Fli-1
During Myeloid Cell Development. Pediatr Res, 1:63-66, 2005.

41. Shankar D, Cheng J, Kinjo K, Wang J, Federman N, Gill A, Rao N, Moore TB, Landaw EM and
KM Sakamoto. The role of CREB as a proto-oncogene in Hematopoiesis and in Acute Myeloid
Leukemia. Cancer Cell, 7:351-362, 2005.

42. Sakamoto KM. Chimeric Molecules to Target Proteins for Ubiquitination and Degradation.
Methods in Enzymology (Ubiquitin and Proteasome System), in press.
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Advances in Blood Research, 1:47-71, 2001.

10. Countouriotis A, Moore TB, and KM Sakamoto. Molecular targeting in the treatment of
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Metab, 80: 121-128, 2003.
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16. Cheng JC and KM Sakamoto. The Emerging Role of RNA Interference in the Design of Novel
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Society of Pediatric Hematology-Oncology 17" Annual Meeting, May 2004. Medscape from
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18. Sakamoto KM. Understanding the Pathophysiology of Marrow Failure in MDS. Highlights of the
American Society of Pediatric Hematology-Oncology 17" Annual Meeting, May 2004. Medscape
from WebMD.

19. Sakamoto KM. Clinical Aspects of Childhood MDS. Highlights of the American Society of
Pediatric Hematology-Oncology 17" Annual Meeting, May 2004. Medscape from WebMD.

20. Esparza SD and KM Sakamoto. Topics in Pediatric Leukemia- Acute Lymphoblastic Leukemia.
MedGenMed Hematology-Oncology, published online on Medscape from WebMD, 2005.

21. Casillas J and KM Sakamoto. Topics in Pediatric Leukemia- Acute Lymphoblastic Leukemia and
Late Effects in Long-Term Survivors. MedGenMed Hematology-Oncology, published online on
Medscape from WebMD, 2005.

22. Lasky J and KM Sakamoto. Topics in Pediatric Leukemia-Myelodysplastic and
Myeloproliferative Disorders of Childhood. MedGenMed Hematology-Oncology, published online on
Medscape from WebMD, 2005. ‘

23. Cheng JC and KM Sakamoto. Topics in Pediatric Leukemia- Acute Myeloid Leukemia.
MedGenMed Hematology-Oncology, published online on Medscape from WebMD, 2005.

24. Moore TB and KM Sakamoto. Topics in Pediatric Leukemia-Hematopoietic Stem Cell
Transplantation. MedGenMed Hematology-Oncology, published online on Medscape from WebMD,
2005.
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25. Federman N and KM Sakamoto. Topics in Pediatric Leukemia-Fanconi’s Anemia: New Insights.
MedGenMed Hematology-Oncology, published online on Medscape from WebMD, 2005.

26. Shankar D, Cheng JC, and KM Sakamoto. The Role of Cyclic AMP Response Element Binding
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Children. Mol Gen Metab, in press.
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1. Gasson JC, Baldwin GC, Sakamoto KM, DiPersio JF: The biology of human granulocyte-
macrophage colony-stimulating factor (GM-CSF). In The Biology of Hematopoiesis, Dainiak N,
Cronkite EP, McCaffrey R, Shadduck RK (eds). John Wiley & Sons, New York, 1990, pp. 375-
384.

2. Schmid I and KM Sakamoto, Analysis of DNA Content and Green Fluorescent Protein
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emedicine.com.
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Pediatrics, emedicine.com.

ABSTRACTS
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primary response TIS genes in both proliferating and terminally differentiated myeloid cells. American
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3. Sakamoto K, Gasson JC: GM-CSF-responsive sequences upstream of the primary response
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15F:P556, 1991.~

4. Sakamoto K, Rosenblatt J, Gasson JC: Trans-activation of the human EGR-1 promoter by the
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6. Sakamoto KM, Lee J, Gasson JC: GM-CSF-responsive sequences upstream of the primary
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7. Sakamoto KM, Lee JH, Gasson JC: GM-CSF and IL-3 induce EGR-1 transcriptional activation
through both overlapping and distinct upstream regulatory sequences. Leukemia 6:1093, 1992,

8. Sakamoto KM, Lee JH-J, Gasson JC: GM-CSF and IL-3 mediate signal transduction through
both overlapping and distinct upstream regulatory sequences in the human EGR-1 promoter. Blood
80:974, 1992~

9. Sakamoto KM, Lee JH-J, Gasson JC: GM-CSF and IL-3 activate human early response gene
(EGR-1) transcription through both overlapping and distinct upstream regulatory sequences. J Cell
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10. Sakamoto KM, Lee JH-J, Lehman ES, Gasson JC: GM-CSF and IL-3 induce early response
gene expression through a novel transcription factor binding site. Blood 82:437a, 19934

11. Horie M, Sakamoto KM, Aronica S, Broxmeyer HE: Regulation of EGR-1 gene transcription by
retinoic acid in a human factor-dependent cell line. Presented at the International Society of
Experimental Hematology, 22:721; Minneapolis, MN; August 1994.

12. Sakamoto KM, Lee H-J J, Lehman ES, and Gasson JC: GM-CSF and IL-3 signal transduction in
myeloid leukemic cells. Oral presentation and acceptance of the Young Investigator Award in
Oncology, The American Society of Pediatric Hematology-Oncology, Chicago, IL; October 1994~

13. Sakamoto KM, Lee H-J J, Lehman ES, and Gasson JC: GM-CSF and IL-3 Signal Transduction
Pathways Converge on the Egr-1 and CREB-binding Sites in the Human egr-1 promoter. Presented to
the American Association for Cancer Research meeting on Transcriptional Regulation of Cell
Proliferation and Differentiation, Chatham, MA; October 1994,

14. Mignacca RC and Sakamoto KM. Transcriptional Regulation of the Human egr-1 gene by
PIXY321 in a factor-dependent myeloid leukemic cell line. Presented to the American Association for
Cancer Research meeting on Transcriptional Regulation of Cell Proliferation and Differentiation,
Chatham, MA; October 1994,

15. Kubota H, Watanabe S, Sakamoto K and Arai K. Transcriptional activation of early growth
response gene- 1(EGR-1) by human granulocyte-macrophage colony-stimulating factor. Japanese
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16. Lee H-J J, Gasson JC and Sakamoto KM. GM-CSF and IL-3 Activate Signalling Pathways

through phosphorylation of CREB in myeloid leukemic cells. Blood 84 (10): 15a, 1994. Abstract
accepted for poster presentation.

16




17. Mignacca RC and Sakamoto KM. PIXY321 responsive sequences of the human egr-1 promoter
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18. Mignacca RC and Sakamoto KM. Transcriptional Regulation of the Human egr-1 gene by
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Oncogenes, Keystone, CO; January 1995.

20. H-J J Lee, JC Gasson, and KM Sakamoto. Granulocyte-Macrophage Colony-Stimulating Factor
and Interleukin-3 Activate Signaling Pathways Through Phosphorylation of CREB in Myeloid Leukemic
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Differentiation by a Novel Cell Cycle Protein pSSCDC. Abstract accepted for poster presentation,
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23. A. Wong and KM Sakamoto. GM-CSF Induces the Transcriptional Activation of Egr-1
Through a Protein Kinase A-Independent Signaling Pathway. Abstract accepted for poster
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24. KM Sakamoto. Molecular Biology of Myeloid Growth Factors, presented as the Ross Young
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24. A. Wong and KM Sakamoto. GM-CSF induces transcriptional activation of egr-1 promoter
through a protein kinase A-independent signaling pathway. Oral presentation by A. Wong at the
Western Society for Pediatric Research, Carmel, February 16, 1996.*

25. Kao CT, O'Shea-Greenfield A, Weinstein J, Sakamoto KM. Overexpression of pS5Cdc
accelerates apoptosis in myeloid cells. Oral presentation at the International Society of Hematology
August 1996, Singapore.”

26. Lin M, Mendoza M, Weinstein J, Sakamoto KM. Cell Cycle Regulation by p55Cdc During

Myelopoiesis. Accepted for poster presentation at the American Society of Hematology meeting,
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27. Lin M, Weinstein, and Sakamoto KM. The Role of p55Cdc in Cell Proliferation. Poster
presentation at the Keystone Symposia on Growth Control. Keystone, Colorado January 4, 1997.

28. Kwon EM, Lee J H-J, Wong A, and Sakamoto, KM. GM-CSF Signaling Pathways Lead to
Activation of CREB in myeloid cells. Poster presentation at the Keystone Symposia on Hematopoiesis.
Tamarron, Colorado. February, 1997.

29. Mora-Garcia P and Sakamoto KM. The Molecular Regulation of G-CSF Induced Myeloid Cell
Proliferation and Differentiation. Poster presentation at the Keystone Symposia on Hematopoiesis,
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30. Sakamoto KM and Weinstein J. Increased expression of p55Cdc in myeloid cells inhibits
granulocyte differentiation and accelerates apoptosis. Poster presentation at AACR, San Diego
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31. Kwon EM, Raines MA and Sakamoto KM. GM-CSF Induces Phosphorylation of CREB
Through Activation of pp90rsk in Myeloid Cells. Abstract presented at the Society for Pediatric
Research by EM Kwon, April 1997.*

32. Kwon EM, Raines MA and Sakamoto KM. GM-CSF activates pp90RSK in Myeloid Cells
Stimulated with GM-CSF. Abstract presented at the American Society of Hematology by EM Kwon,
December 1997.4

33. Lin M, Weinstein, and Sakamoto KM. The Role of p55Cdc in Cell Proliferation. Poster
presentation at the American Society of Hematology. December 1997.

*34. Wang CS, Mendoza MJ, Braun J, and KM Sakamoto. Differential Expression of a Novel
50kD Protein in Low- versus High-Grade Murine B-Cell Lymphomas. Abstract presented at the
Western Society for Pediatric Research, Carmel. February 1998.

35. Lin M, Weinstein, and Sakamoto KM. The Role of p55Cdc in during G1/S Transition. Poster
presentation at the Keystone Symposia on Cell Cycle, Keystone, Colorado. March 1998.

36. Wang CS, Mendoza MJ, Braun J, and KM Sakamoto. Differential Expression of a Novel S0kD
Protein in Low- versus High-Grade Murine B-Cell Lymphomas. Poster presentation at Keystone
Symposia on Cell Cycle, Keystone, Colorado. March 1998.

37.Sakamoto, KM. Invited participant at the Gordon Research Conference in Molecular Genetics;
Newport, Rhode Island, July 1998.

38. Rolli M, Neininger A, Kotiyarov A, Sakamoto K, and M Gaestel. Egr-1 expression is regulated
by the p38 MAP kinase Pathway Independent of MAPKAP-K2. 10th International Conference on
Second messengers and Phosphoproteins, July 1998.

39.Mora-Garcia P and Sakamoto KM. G-CSF regulates myeloid cell proliferation through activation
of SRE-binding proteins. American Society for Hematology, Miami Beach FA, 1998. Abstract
accepted for poster presentation.
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40. Mora-Garcia P and KM Sakamoto. G-CSF Regulates Myeloid Cell Proliferation Through
Activation of SRE-Binding Proteins. Oral Presentation at the Western Society for Pediatrics meeting in
Carmel, CA 19994

41. Kwon EM, Raines MA, and KM Sakamoto. Granulocyte Macrophage-Colony Stimulating
Factor Induces cAMP response element binding protein phosphorylation through a pp90RSK activated
pathway in myeloid cells. Oral Presentation at the Western Society for Pediatrics meeting in Carmel,
CA 1999

42. Lin M, Kao C, Weinstein J, and KM Sakamoto. P55Cdc overexpression results in premature
cell cycle transition from G1 to S phase. Oral Presentation at the Western Society for Pediatrics meeting
in Carmel, CA 19994

43. KM Sakamoto. “GM-CSF Induces pp90RSK1 Activation and CREB Phosphorylation in
Myeloid Leukemic cells”. NIH/NCI Workshop on “Serine/Threonine Kinases in Cytokine Signal
Transduction, ” Invited speaker May 30 and 31, 1999.

44, "H. Hsu, *N.G. Rainov, 'F. Sun, *K.M. Sakamoto, and M.A. Spear. 4-Ipomeanol (4-IM)
prodrug activity in cells carrying the p450 CYP4BI transgene under an EGR1 promoter induced with
ionizing radiation. Am. Soc. Ther. Rad. Onc, 1999.

45.Dai W, Wu H, Lan Z, Li W, Wu S, Weinstein J, KM Sakamoto. BUBRI interacts with and
phosphorylates pS5Cdc/hCdc20. Cold Spring Harbor Meeting, “Cell Cycle,” May 2000.

46. Sakamoto KM, Crews C and RJ Deshaies. A novel approach to target proteins for proteolysis.
Accepted for poster presentation. Keystone Symposium on Cell Cycle, Taos NM, January 2001.

47. Sakamoto KM, Crews C, Kumagai A, and RJ Deshaies. A novel approach to treat cancer.
Accepted for poster presentation. Oncogenomics Meeting, Tucson AZ, January, 2001.

48. Deshaies RJ, Sakamoto KM, Seol JH, Verma R. Prospecting at the Cross-roads of ubiquitin-
dependent proteolysis and cell cycle control. FASEB meeting, Orlando, FA, 20014

49. Crans HC, Landaw EM, Bhatia S, and KM Sakamoto. CREB as a prognostic marker in Acute
Leukemia. Accepted for poster presentation, American Society of Hematology meeting, Orlando, FA,
2001.

50. Countouriotis A, Landaw EM, Moore TB, and KM Sakamoto. CREB expression in Acute
Leukemia. Accepted for poster presentation and Pediatric Resident Travel Award, A. Countouriotis,

Society for Pediatric Research/American Society of Pediatric Hematology/Oncology, May 2002.

51. Mora-Garcia P, Wei J, and KM Sakamoto. G-CSF Signaling induces Stabilization of Fli-1 protein
in Myeloid Cells. American Society for Hematology, Philadelphia, PA, December 2002.
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aspirates and biopsies in pediatric patients with acute lymphoblastic leukemia. Western Society for
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*53. Cheng JC, Crans-Vargas HN, Moore TB, and KM Sakamoto. Aberrant CREB expression in
Patients with Acute leukemia. Western Society for Pediatric Research. Carmel, CA. January 2003.

54. Countouriotis AM, Landaw EM, Moore TB, KM Sakameoto. Comparison of bone marrow
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American Society for Hematology, San Diego, CA. December 2003.

*57. Shankar DB, Landaw EM, Rao N, Moore TB, and KM Sakamoto. CREB is amplified in
AML blasts and is associated with an increased risk of relapse and decreased event-free survival. Oral
presentation, American Society for Hematology, San Diego, CA. December 2004.

58. Shankar DB, Kinjo K, Cheng JC, Esparza S, Federman N, Moore TB, and KM Sakamoto.
Cyclin A is a target gene of activated CREB downstream of GM-CSF signaling that regulates normal
and malignant myelopoiesis. Poster presentation, American Society for Hematology, San Diego, CA.
December 2004.

59. Kinjo K, Shankar DB, Cheng JC, Esparza S, Federman N, Moore TB, and KM Sakamoto.
CREB overexpression in vivo results in increased proliferation, blst transformation, and earlier
engraftment of myeloid progenitor cells. Poster presentation, American Society for Hematology, San
Diego, CA. December 2004.

*60. Kinjo K, Shankar DB, Moore TB, and KM Sakamoto. CREB Regulates hematopoietic
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Sakamoto. Analysis of a targeted receptor tyrosine kinase inhibitor in the treatment of acute
myelogenous leukemia. WSPR, Carmel, CA, February, 2005.

20




Xy

*oral presentation of abstract

INVITED PRESENTATIONS
1. Sakamoto KM. “Cytokine Signals and Cell Cycle Control During Myelopoiesis™ Childhood
Leukemia, Biological and Therapeutic Advances. April 17, 1998, Los Angeles, California.

2. Sakamoto KM. Serine/Threonine Phosphorylation in Cytokine Signaling Workshop sponsored by
the National Cancer Institute. March 30, 1999, Washington, D.C.

3. Sakamoto KM. “Signal Transduction Pathways Activated by GM-CSF.” October 29-30, 1999.
ACS Professors Meeting, New York.

4.Sakamoto KM. “Signal Transduction and Cell Cycle Control in Myeloid Cells” for Meet-the-
Experts Breakfast, American Society of Hematology, December 5, 1999, New Orleans, LA.

5. Sakamoto KM. CapCURE meeting, September 2000, Lake Tahoe. “Novel Approach to treat
Prostate Cancer”

6. KM Sakamoto and RJ Deshaies. What SCF Ubiquitin Ligases Are and how they can be used to
regulate cancer progression, 4/01

7. Sakamoto KM. Bone marrow cells regenerate infracted myocardium, Journal Club, 4/01
8. Sakamoto KM. Acute Leukemia for Pediatric Residents at UCLA School of Medicine, 7/01
9. Sakamoto KM. ITP, Olive View Grand Rounds, 8/01

10. Sakamoto KM. Childhood Leukemia: causes and treatment. American Cancer Society, Los
Angeles Chapter, 10/01

11. Sakamoto KM. “The Role of SCF Ubiquitin Ligase in Human Disease: Implications for
Therapy.” Caltech Biolunch, March 6, 2002.

12. Sakamoto KM. “Targeting Cancer-Promoting Proteins for Ubiquitination and Degradation”
Signal Transduction Program Area Seminar, Jonsson Comprehensive Cancer Center, UCLA. August 1,
2003.

13. Sakamoto KM. “Development of Approaches to Target Proteins for Ubiquitination and
Degradation in Human Disease.” Thesis Defense, Caltech. December 18, 2003.

14. Sakamoto KM. “Role of CREB in Human Leukemias.” Gene Medicine Seminar Series. Jan 26,
2004.

15. Sakamoto KM. “Childhood Neutropenias.” Pediatric Resident Noon conference. February 4,
2004.
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16. Sakamoto KM, “The Role of CREB in human leukemias”, Gene Medicine Research Seminar,
January 26™ 2004.

17. Sakamoto, KM. “CREB and Acute Myeloid Leukemia,” Leukemia Research Group Meeting,
March 4, 2004.

18. Sakamoto, KM. “The Role of CREB in Leukemogenesis,” Pediatric Research Seminar, May
20, 2004.

19. Sakamoto, KM. Meet the Professors lunch for UCLA ACCESS graduate students. October 6,
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20. Sakamoto KM. UCLA Training Program in Tumor Biology. Retreat for UCLA ACCESS
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21. Sakamoto KM. “Hematology Jeopardy” Pediatric Noon Seminar, December 13, 2004.

21. Sakamoto KM. “Transcriptional Regulators in Normal and Malignant Hematopoiesis,” MBI
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22. Sakamoto KM. “Targeting Proteins for Ubiquitination and Degradation in Prostate Cancer” GU
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24. Sakamoto KM. “Targeting the Ubiquitin-Proteasome System for Cancer Therapy.”
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25. Sakamoto KM. “The Role of CREB in Myelopoiesis.” Myeloid Workshop, Annapolis, MD,
2005
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Biology Methods workshop, PAS/SPR meeting, Washington, D.C., 2005.

27. Sakamoto KM. Introduction, Young Investigators Workshop. American Society of Pediatric
Hematology-Oncology meeting, Washington D.C. 2005.
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[54] Chimeric Molecules fo Target Proteins for
Ubiquitination and Degradation

By KATHIEEN M. SAXAMOTO
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Abstract wd

Protein degmdauonfﬁls ofie of the tactics used by ﬁue cell for irreversibly
mamvaung proteins. b In'eukaryotes, ATP-dependent protein degradation
in the cytoplasm afid nicleus is carried out by the 268 proteasome. Most
proteins are fedlé the 268 proteasome by covalent attachment of a
multivbiguitin {.'ham, A ey component of the enzyme cascade that results
in attachment of the multiubiquitin chain to the target or labile protein
is the ub:qmun hgase that controls the specificity of the ubiquitination
reaction. Defects in ubiquitin-dependent proteolysis have been shown to
result in Q'vanety of human diseases, including cancer, ncurcdegenerative
d;scases;amf metabolic disorders.

The SCF (Skpi-Cullin-F-box-Hn1) complex is a heteromeric ubiquitin
ligase that multiubiquitinates proteins important for signal transduction

W

METHODS 14 ENZYMOLOGY., YOL 3%

. QOT6AE71S $18.00
Copyright 305, Evexier foc, AR rights sescrwed. DOE: 10.10TRSIS 5SS PORE.X




intreducton S

£34 GENERALLY APPLICAELE TECHNOLOGIES {54]

and cell cycle progression. A technology was developed known as Protac
{Protectysis Targeting Chimeric Molecule) that acts as a bridge, bringing
together the SCF ubiquitin ligase with a protein target, resulling in its
ubiguitination and depradation. The Protac contsins an SCF-binding
peptide moiety at one end that is recognized by SCF that is chemically
linked 1o the binding partner or ligand of the tarpet protein. The first
demonstration of the efficacy of Protac technology was the successful
recruitment, ubiquitination, and degradation of the protein methionine
aminopeptidase-2 (MetAP-2) through a covalent interaction between
MetAP-2 and Protac. Subsequently, we demonstrated that Protacs could
effectively ubiguitinate and degrade cancer-promoting proteins (estrogen
and androgen receptors) through noncovalent interactions’tn vitre and in
cells. Finally, cell-permeable Protacs can also promote the degradation of
proteins in cells. In this chapter, T describe experiments to test the ability
of Protacs to target proteins in vitro and in cells.; -

Ubiquitin-dependent proteolysis is a Major pathway that regulates
intraceliular protein levels. Posttranslational modification of proteins by
E3 ubiguitin ligases results in molfiubiquitin chain formation and
subsequent depradation by the 265 proteasome (Ciechanover er al., 2000;
Deshaies, 1999; Sakamoto, 2002). One potential approach to treating hu-
man disease is to recruit 2 diséase-related protein to an E3 ligase for
ubiquitination and subsequent dépradation. To this end, a technology
known as Protacs (Proteolysis Targeting Chimeric Molecules) was devel-
oped. The goal of Protac {herapy is to create a “bridging molecule” that
could fink together a diseaSe-refated protein to an E3 ligase. Protacs consist
of one moiety (2.2, a peplite), which is recognized by the E3 ligase. This
moiety or peplide is thefi*themically linked to a binding partner of the
target The idea is that Protacs would bring the target to the E3 ligase in
close enough pmxgxmﬁ;foa' multigbiquitin attachment, whick would then
be recognized byhe<26S proteasome (Fig. 1). The advantage of this
approach is that it ? catalytic and theoretically can be used to recruit any
protein, even thoseAbat exist in a multisubunit complex.

Several ications for Protac therapy are possible. In rancer, the
predomindiapproach to treating patients is chemotherapy and radiation.
Both of {itese'Torms of therapy result in complications because of effects
on normal gells. Therefore, development of therapeutic approaches 1o
specificallf target cancer-causing proteins without affecting pormal cells
is desirable.
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Fio. §. Protac-] targets MetAP-2 10 SCF. Protac-1 is 2 chimenic molecule that consists of a
phosphopeptide moiety and. x omall molectde mm:zy ﬂm mtcram with the protein target
{Sakamoto e af., 2001) (See color tnsert.}

To test the efficacy of Protacs in mrm “and i in vivo, several components
are essential. First, a functional E3 ligase is necessary, either in purified
form or isolated from cell extracts.” Additional components of ubiguitina-
tion reaction, including ATP, Bl E2, and ubiquitin, are also required.
Second, a small peptide or moiecule recopnized by the E3 ligase must be
identified. Finally, 2 target with' ‘a well-characterized binding partner must
be selected that will be chetmcaﬁv linked 1o the peptide. Finally, successful
application of Protacs technology depends on the ability of the Protac to
enter cells to target :hekg;a ein for ubiguitination and degradation. For
clinical application, thérapeiitic drug concentrations are usually considered

to be in the nanom: ge.

In addition to xﬁc of Protacs for the treatment of human disease,
these molecules a chemical genetic approach to “knocking down™
proteins fo stugdy thisir function {Schneekloth et al., 2004). The advaniages
of Protacs a:g%hat‘they are specific and do not require transfections or
transdum%x;‘,rfrptam can be directly applied to cells or injected into ani-
mals withot-the use of vectors. Given the increased number of E3 ligases
identified e Human Genome Project, the possibilities for different
combintios of Protacs that link specific targets to different ligases are
unlimited. This chapter describes general strategies of testing the efficacy of
Protacs using two E3 ligases as an example: SCF* ™™ and Von Hippel
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Lindau (VHL) complexes (Ivan er of., 2001; Kaelin, 2002). Three different
targets will be described: methionine aminopepiidase-2 (MctAP-2}, estro-
gen receptor {ER), and androgen receptor (AR). We will provide an
overview of binding assays, transiections, immunoprecipitations, and ubi-
quitination and degradation assays of the proteins 1argeted 1o uhiquitin
ligases by Protacs.

Strategies to Assess the Efficacy of Protacs In Viro

As proof of concept, we generated a Protac molecule that targets the
protein MetAP-2 for ubiquitination and degradation. MetAP-2 cleaves the
N-terminal methionine from nascent polypeptides and i$ one of the targets of

angiogenesis inhibitors fumagillin and ovalicin (erfﬁth et al., 1997, Izepken: om if

998; Sin ef ol., 1997). Ovalicin covaiently«bmds 1o MetAP-2 at the
His-231 active site. Inhibition of MetAP-2 is ﬂzougiu to block endothelial
cell proliferation by causing (G1 arrest (Yeh er af, 2000). MetAP-2 is a
stable proicin that has not been demoastrazed 1o be ubiquitinated or an
endogenous substrate of SCFP XY For' these reasons, Met-AP? was
chosen to be the initial target 1o test Protacs. ™

The heteromeric ubiquitin ligase, SCEZ "5 (Skp1-Cullin-Fbox-Hrt1),
was selected because the F-box pmtcm SF-TRCP/E3RS was previously
shown to bind to IxBa (inhibitor ‘Of ‘NFxBa} through a minimal phos-
phopeptide sequence, DRHDS*GLDS*M (phosphoserines indicated by
asterisks) {Ben-Neriah, 2002; Ka.q:g apd Ben-Neriah, 2000). This 10-amino
acid phosphopeptide was linked 10 ovalicin to form the Protac (Protac-1) as
previously described (Sakammo e ‘al., 2001).

f w«sa
MetAP-2-Protac Coup!mg’dssav

’&«’C«
MetAP-2 (9 uM) wﬁﬁ}‘i?"&zbaxed with increasing copcentrations of Protac-
1 for 45 min at room nmﬁtmmre (Fig. 2). Reactions were supplemented with
SDS loading dye, fractionated on an SDS/10% polyacrylamide gel, trans-
ferred onto a nitroceifilose membrane, and immunobloited with rabbit
poiyclonal antig e(@xf’z antisera (Zymed, Inc.). Detection was performed
using enbance iluminescence (Amersham, Inc.).

Tissue Culfi&qf

293, cells were cultured in DMEM with 10% (volfvol) FBS (Gibeo,
Inc.), peniiifin {100 units/ml), streptomycin (100 mg/mi), and L-glutamine
(2 mM). Cells were split 1:5 before the day of transfection and transiently
transfected with 40 gg of plasmid. Cells were 60% confluent in 100-mm
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Fio. 2. MetAP-2 binds Protac specificatty and in 2 cmnmuun«dcpmdmt manner. {A)
MetAP-2 (9 pM) was incubated, with increasing contentrstions ‘of Protas-1 a1 room
temperature for 45 pun. The last two Jages depict MatAP-2 t!;ai was incubated with cither
free IsBn phosphopeptide (IPP; 50 uM) or free ovalicin (OVA'SQ #A), as indicated. After
incubation, samples were supplemented with SDS-PAGE loadling dye, fractionated by SDS-
PAGE. and immunoblotted with MetAP-2 sptiserum. £B) Same 26 {A), except MetAP-2 {9 xM)
plus Protac-} {10 pM) were supplemented with either 1eBa phosphopepride {50 u} or
ovalicin (50 pM) as indicated. Protac binding to MetAP-2 was inhibited by eddition of
ovalitin. but not phosphopeptide (B) {Sakamoto ef of, 2001)

«A s

Y & N

dishes on the day of translection. DNA’ ‘{20 pg of pFLAG-CULL m/zgﬁ
of pFLAG-3-TRCP) was added. Célls Were transfected using ‘aldum
phosphate precipitation as previously déscribed {Lyapina et al,, 1998). Cells
were harvested 30 h after transfection. Five micrograms of pGL-1, a
plasmid containing the cy:omcga!oyxms {CMV) promoter linked to the
green fluorescent protein {GFP) cDNA, was cotransfected into cells
to determine transfection efﬁ&:mm:y In all experiments, greater than 80%
of the cells were GFP- pggs)uge ‘at the time of harvest, indicating high
transfection efficiency.
ﬁ“ﬂg%

Jmunoprempnqu:d Ubiquirination Assgys

293T cells werg Iys ?%d with 200 41 of.lysis buffer (25 mM Tris-Cl, pH
7.50150 mM Nac:?agge‘ Triton X-100/5 mM NaF/0.05 mM EGTA/1 mM
PMSF). Pelletsfwere fysed by vortexing for 10 sec in a 4° cold room, then
placed on ice f .}@mn After centrifugation at 13,000 rpm in a Microfuge
for 5 min at? supernatapt was added to 20 gl of FLAG M2 affinity
beads (SJ jand incubated for 2 b rotating at 4°. Beads were spun down
at 13,000 rpm dnd washed with buffer A (25 mM Hepes buffer, pH 7.4/0.01%
Triton- 3& 150 mM NaCl) and one wash with buffer B {the same as buffer
A but witKout Triton X-100). Four microliters of MetAP-2 (18 uM) stock,
4 ul of Protac-1 (100 uM), 0.5 ul of 0.1 ug/ul purified mouse El (Boston
Biochem), 1 ul of 0.5 ug/u! human Cde34 E2 (Boston Biochem), and 1 4d of
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25 mM ATP were added to 20 pl {packed volume) of FLAG beads
immunoprecipitated with SCF. Reactions were incubated for 1 h at 30° in
a Thermomixer {Eppendor{} with constant mixing. SDS-PAGE loading
buffer was added to terminate reactions, which were then evaluated by
Western blot analysis as previously described (Sakamoto er al., 2001) (Fig.
3). Our results demonstrated that MetAP-2 bound to ?wtac could be

‘ubiquitinated in vitro in the presence of SCF. These melh’b@ can bc

generalized to other ubiquitin ligases provided that a small m]e?u
pcpnde figand exisis 1o enable the synthesxs of a suuablc Pro and
expression vectors that contain tagged versions of the pm‘mm ‘or stbunits
are available. Allernative tags {e.g., myc or HA) have been’used, and the
resin can be cross-linked with an antibody, which, caﬁ“lhsn be used to
immunoprecipitate the E3 ligase from mammalian éells “Bath the ER and
AR are members of the steroxd hormone rccepwr superfamily whose
interactions with ligand (estr: nd mtnstcrwe respccuvely} have

been well characterized (Fig e ER has been implicated in the
progression of breast cancer owdl et al. %ma) Similarly, hormone-
dependent prostate cancer cells grow In xesponse to andmgens {Debes
et al., 2002). Therefore, both ER and :ARcafc logical targets for can-
cer therapy. To target ER for ub:qmzﬁmhon and degradation, a Protac

FAA
3 i
A B
w}'m
beads
S0 ki -

Prouqi&udiz tes MetAP-2 nhiquitination by SCF. {A) Ubiquitination of the
»2. MetAP-2-Protac-] mixture was added to either control (mock}
mswm“%mmdwnhﬁﬂ? phus purified E1, E2 (Cdc34), and sbiquitin.
UbcHSc { Mmmﬁummmmm&mnedmmumd@md
ubuq:mtxmbonﬂ with Cde34 (data not showen ). e ted for 1h st 30°,
and were Séalulted by SDS-PAGE followed by Western i EAPMCtAP-2 antiseram.
{B) Ubiguitination of fulllength {67 kDs) MctAP-2. Same ‘s (A} cmc;x that the §7kDa
preparation of MetAP-2 was used, and E1, E2, phus ublquitin were either sdded at noemal (1x}or
twolold higher {2x} levels, as indicated (Sakamoto er of, 2001).

Western l;?lor

4

RETe -
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Flag Col-UB-TRCF  + 4+
Protac &+ —
Estradiol -
ixBe phosphopeptide -~ +
Ubiguitin + + .
ER + + foa

e

Fi6. 4. Protac-? activates ubiguitination of ER if Kitra, Purified ER was incubsted with
recombinant E1, E2. ATP. ubiquitin, and immobilized SEF TR jcolated from animal cells
by virtee of Flag tags on cotransfected Cull add § TRCP. Reactions were supplemented
with the indicated concentration of Protac2, ipcdbated for 60 min at 30°, and monitored by
SDS-PAGE followed by immumabioting wn}artgg anti-ER antthody (Sakamoto er af., 2003}

P

f %
{Protac-2) was synthesized, contammg the IxBa phosphopeptide linked to
estradiol (the higand for FR) (Sakamow et al., 2003}

Determination of Protein Degmdaizon of Ubiquitinated Proteins In Vitro

The success of Pmtgnx dcpcnﬁs not only on efficient ub:qmtman(m of
the proposed target gm,;ﬁ'fso degradation of that target in cells. Several
approaches can be use(’f "Both in vitro and in vive to demonstrate that the
target ¥s being < First, demonstration of degradation #n vifre can
be performed withepurified 265 proteasome. For these experiments, we
used purified yeas pmteasomcs as previously described (Verma ef ol
2000, 2002), -

ququxun%uqn assays were first performed with the tmmunoprecipi-
tated E3 HghEe, purified target, E1, E2, ATP, and ubiquitin with Protac.
Purificd %ast 26S proteasomes {40 ut of 0.5mg/mi) were added 10 ubiqui-
nnawdtpmtem {e.z.. ER) on beads. The reaction was supplemented with
6 ul of TaM ATP, 2 ul of 02 M magnesium acetate, and ubiquitin
aldehyde {5 pM final concentration). The reaction was incubated for 10
min at 30° with the occasional mixing in the Thermomixer (Eppendorf). To
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verify that degradation is due to proteasomes and not other proteases,
purified 268 proteasomes were preincubated for 45 min at 30° with 1 mm
of 1. 10 phenanthroline (Sigma) {a metal chelator and inhibitor of the
RPN11 deubiquitinating enzyme in the 268 proteasome) (Fig. 5).

Strategies to Assess the Efficacy of Protacs In Vivo £ f

Clinical application of Protacs is dependent on successful tﬂnqumnatmn
and degradation of the protein target by endogenous ub:qmtm ligases and
proteasomes within cells. There are several approaches totest the efficacy of
Protacs using ccll extracts or application directly to cells. Dependmg on the
polanity of the Protac, efficiency of internalization in ¢€lls is variable, If
Protacs arc hydrophilic, such as the case with the;Profac-1 that contains
the 1sBa phosphopeptide, extracts or microinjections are possible ap-
proaches. For cell-permeable Protacs, it is be pomble to direcily bath apply
Protacs o cells.

Degradarion Experimenis with Xenopus Iixm;cts

Extracts from unfentilized Xenopus Iaew.s cgg.s were prepared on the day
of the experiment as previously described {Murray, 1991). MetAP-2 (4 gl of
9 uM) was incubated with Protac 1 (<D ;.M) at room lemperature for 45

A
L2 M + 255
¢ 10 e
uER
{ =
N3
A oo

Fre. 5. Uh:g_mmxed ER is degraded by the 268 protessome. {A} Ubiguitination
reactions perfozmed as described in the legend 1o Fig. SA were supplemented with purified
yrast 265 pm;ci'imm Within 10 min, complete degradation of ER was observed. {B)
Pndﬁedm;:rmmcmmnmmwubatedm 110 phenanthrofive (3 M) o7 1.7
phenanthiotine {1 mM) before sddition. The metal chelator 1,10 phenanthroline inhibits the
Rpall-associated deobiguitinating activity that is required for substrate degradation by the
preteasome. Degradation of ER was partially inbibited by addition of 1,10 phenanthroline, but
ot the inactive derivative 1,7 pbenanthbrodine (Sakamoto eral, 2003).
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min. The MetAP-2-Protac-1 mixture was added te 10 p! of extract in
addition 1o excess ovalicin (10 g final concentration). The excess of
ovalicin was added to saturate any free MetAP-2 in the reaction. Additional
components in the reaction included constitutively active IKK (IKK-EE;
0.4 pg) and okadaic acid (10 pM final concentration) to maintain phos-
phorylation of the 1xBo peptide monety of Protac. To test for specificity
of protcasomal degradation, various proteasome inhibitors ‘were used,
including N-acetyl-leu-leu-norleucinal (LLnl.. 50 pA final) or epoxomicin
{10 pM final). Protease inhibitors chymotrypsin, pepstating and Jeupeptin
cocktail {15 pg/ml final concentration) were also added to the exiracts.
Reactions were incubated for time points up 10 30 min at room femperature
and terminated by adding 50 uf of SDS Joading buffer, Samples were then
evaluated by Western blot analysis using MetAP-2 anuserum {Fig. 6}
"(‘c
Micrpinfection as a Method to Study Effects of Pramca on Ubiquitination
and Degradation of Target Proteins %

Protacs that contain a phosphopeptide 66 not enter cells efficiently.
Various protein transduction domains, lipid-based transfection reagents, and
ion methods can be tested. How-

1}& electroporation or odher transient trapsfect:
g_lfm —ever, 1o @:@ §P rotacs ente 5, m:crom_;ccnons were performed.

e"@\x&

For these experiments, Protac-3 (IxBa) phosphopeptide-tesiosterone was
synthesized to target the AR {Sakamoto et al., 2003). As a readout of pro-
tein degradation, 293 cells stably-expressing AR-GFP were selected using
(G418 (600 pp/ml). Before microinjections, cells were approximately 60%
confinent in 6-cm dishes. g =

Me!AP Pmtao-l + OVA

et
3
+*

0 © 2 1 15 306 30 3 30 30
.
.

Fis. 6. MctA?”;i:Pwlnc but not free MetAP-2 is degraded in Xemppus extracts.
The MctAP i»Pmmal mixrare or MetAP-2 slone was added to Nenopus egp extract
fortified mﬂnpviﬁcm {OVA; 100 u M), IKK-EE (0.4 ), and okadaic acid {10 uM). Where
mdicated, were either deprived of IKK-EE e ckadaic acid (0A) or were further
supplemeiied with 50 pM LLol or 10 uM epoxomicn (Epox). Reactions were incubated for
the indicated time points at room temperature, terminated by adding SDSPAGE loading
dye, and evaluated by SDS-PAGE followed by Western blotting with anti-MetAP-2 antiserom
{Sakamoto et af,, 2001).
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Protac-3 diluted in & KT solution {10 uAf final) with rhodamine dex-
tran {molecular mass 10.000 Da; 50 pg/ml) was injected into cells throngh a
microcapiliary necdle using a pressurized injection system (Picospritzer 11
General Valve Corporation). Coinjection with rhodamine dextran is oriti-
cal to ensure that decrease in AR-GFP is not due to leakage of protein
from cells after microinjection. The injected volume was 0.2 pl, represent-
ing 5-10% of the cell volume. GFP and rhodamine Ruorescchee can be
visualized with a fluorescent microscope {Zeiss) and phowgraphs taken
with an attached camera (Nikon). Within 1 h after microigjection, disap-
pearance of AR-GFP is visible (Fig. 7). Cells should femaiﬁ" rhodamine

s
&

Degree of AR-GFP Percent
Disappearance {our of >200 ealls)
1. NONE 4
2. MINIMAL 16
3 PAR’Xm ' 29
4. COMPLETE s1

Fic. 7. anjec@ol otac leads to AR-GFP degradation in cells. Protac3 (10 uM i
the microinjection peedlEY Was introduced using a Picospritzer 1 pressurized microinjectar
o 2034% 5% celld in a Solution containing KC (200 4M) and rhodamine dextran (50 ug/mi).
Approximately ,35% of total cell volume wes imjected (A) Protac3 induces AR-GFP
disappearance witlin 60 min. The top panels show cell morphology under light microscopy
overlaid withoiftiaes of cells injected with Protac ax indicated by rhodamine fluorescence
{pink cofor):, mbouum pavcls show tmages of GFP Buorescence. By 1 b, GFP signal
diszppeared in ﬂmost all micrainjected cells. To quantify these results, we injected more than
zoocells‘mﬂchmﬁad the degree of GFP disappearance as being either none (1), minfmat (2},
partis {3}, ar compicte {4). Examples from each category and the iabulated results are shown
in (B) These results were reproducible in simee independent experiments performed on
separate days with 30-50 cells injected per day (Sakamoto er al, 2003}, (See oolor insent.}
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positive provided that injection has not caused lysis of cclls or leakage of
AR-GFP from cells. Greater than 200 cells per experiment (in three
separate experiments) provide data demonstrating tha! Protacs induces
degradation of the target. AR-GFP disappearance can then be quantitated
by categorizing the intensity of GRP signal as indicative of complete
disappearance, partial disappearance, minimal disappearance, of no disap-
pearance. To verify that the disappearance of AR-GFP from tells 1s pro-
teasome dependent, cells were pretreated with proteasomeé inhibitor
epoxomicin (10 pM final) for 5 h before microinjections or were coinjected
with epoxom:mn {10 uM). -y

Methods 1o Test a Cell-Permeabie Protac

Reagents capable of redxrecimg the sabstrate spemﬁcﬂy of the ubzquv
tin-proteasome pathway in protein degradancm would be useful experi-
mental tools for modulating cellular phenotype and potentially acting as
drugs to eliminate disease-promoting proteins, To use Protacs 1o remove 2
gene product at the posttranslational level, 4 cell-permeable reagent would
be necessary. A HIFLla-DHT Protac was deveiopf:d for this purpose. Given
the lack of small molecule E3 ligase ligands, the seven amino acid sequence
ALAFYIP from hypoxia-inducible factorxia {HIF1la) was chosen for
the E3 recognition domain of Protac—4 (Schneek}mh er al., 204}, This
sequence has been demonstrated to be the minimum recognition domain
for the von Hippel-Lindau mmor suppressor protein {VHLY (Hon et al.,

| 7o R ot w. stiquie 3guecy |
B Mbwl
mcpece)

b e T

Fio. & Chemical Structare of BIF-DRET Prolac (Schoeekioth o of, 2004}
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Fe. 9. msmrg,%méij AR-GFP degradation in » proteasome-dependent
manner: 293*“’"{"@@405 x 10° cell/ml) were plated at 50% confluence in a volume of
200 ;d of media imba 96-ell dish. (A and B) Protac induces AR-GFP ditappearance within
60 min. Protac ifiy y S0-, o 25-uM coroantraticn or DMSO control in 2 volume of 0.6
was added. Cells: visunbized under hpht (top) or Auorescent {bottom) microscopy 1
b sfter trestmetie, Photographs were taken with 3 SC35 type 12, 35-mm camera sttached 10 an
Olympis ot inverted microscope. (B} AR-GFP protein is decreased in cells ireated
with W_L es were prepared from parental cells (293 pur) or AR-GFP expresting cells
treated with Protac (+PT), DMSO, or oo treatment (Nosie) for 60 min. Westem blot analysis
was performed with rabbit polyclonal anti-AR astisera (1:1000; UBT) or S-tubulin (1200;
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2002, Kaelin, 2002). VHL is part of the VBC-CulZ E3 wbiquitin ligase
complex. Lnder normoxic conditions, 2 proline hydroxylase catalyzes the
hydroxviation of HIF1«x at the (Epstein ef ol., 2001) central proline in the
ALAPYIP sequence. This modification resulis in recogniticn and polyubi-
quitination by VHL. HIFla is constitutively ubiquitinated and degraded
under pormoxic conditions (Kaelin, 2002). In addition, a poly“D-arginine
1ag derived from HIV tat was added to the carboxy terminus of’tlxe peptide
sequence to confer cell permeability and prevent nonspeaﬁc proteolysis
{Kirschberg er al. 2003, Wender er af., 2000) (Fig. 8). This Protac
should then enter the cell, be recognized and hydroxyimu& by a prolyl
hydroxylase, and subsequently be bound by both the VHL F3 ligase and
the targe!, AR.

The 293 cells stably expressing AR-GFP were néd% 1o stud} the effects
of HIF1a-DHT Protac on AR degradation. For thesé experiments, greater
than 95% of cells expressed AR-GFP. On th (d}y before experiments,
cells were plated in 96-well plates with 200 4] of media at 50% confluence.
Protac was dissolved in DMSO and wag.added to cells at concen-
trations ranging between 10 pM-100 pM The presence or absence of
GFP expression after Protac treatment was, determined by fiuorescent
microscopy, A time course was perfomxed Jut for HIFte-DHT Protac,
the effects were observed within 2 h. Fo/assess prolcasome-dcpenﬂcm
degradation, cells were pretreated with_epoxomicin {10 uM final concen-
tration) for 4 h before adding Projac. Westcm blot anaiyus was performed
to determine levels of AR-GFP (Fig. 9}

To measure the protein levc&ﬁf AR-GFP after Protac treastment,
the cells were harvested, maﬁhed with PBS once, then pelleted a1
1500 rpm. Cells were lysedu«mtﬁ«eﬁoxlmg SDS loading buffer {30 ul), then
boiled for 5 min. Lysatesg‘wé%*subjmted ta 8% polyacrylamide pel elec-
trophoresis, and the prggxfs were transferred to nitroceliulose membrane,
Western blot ana!ymséﬁraé‘i)erfonned with antiandrogen receptor (1:1000)
and anti-beta tub {%;200} antisera. Detection was determined using
cbcmiiuminescen%

O

Santa Cruz). m.ﬁwm inhibits Protac-induced degradation of AR-GFP. Cells were
plated ot o devs dnﬁxiﬂ’ceﬂs!nﬂwdmtedmmmwcpomm(&!bxxhcmjor
DMSO!« Mmaﬂ&g?&x(ﬁu&f}fwﬁbmn&)‘ﬂwmmmﬁm
§ Is in 96-well dishes frested with Protac (25 pM), DMSO {left), epoxomicin
icin (10 xM) -+ Protsc {50 o 25 pM), or Protac akme (30 of 25 uM)
{Schpeckloth er al., 2004). (See color insert.)
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